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1 . REAL PARTY IN INTEREST 

The real party in interest is Genentech, Inc., South San Francisco, California, by an 
assignment of the parent application, U.S. Patent Application Serial No. 09/941,992 recorded 
November 16, 2001, at Reel 012176 and Frame 0450. 

2. RELATED APPEALS AND INTERFERENCES 

The claims pending in the current application are directed to polypeptides referred to 
herein as "PROl 182." Related patent applications, U.S. Serial No. 09/998,041, filed November 
15, 2001 (containing claims directed to the PROl 182 antibodies), and U.S. Serial No. 
09/989,734, filed November 19, 2001 (containing claims directed to the PROl 182 nucleic acids) 
are also under final rejection from the same Examiner, and based upon the same outstanding 
rejection(s), appeals of the final rejection are being pursued independently and concurrently 
herewith. 

3. STATUS OF CLAIMS 

Claims 122-126, 129-131 are in this application. 

Claims 1-118, 127-128 are canceled. Further, Claims 119-121 were canceled, without 
prejudice, in the Response to final filed August 10, 2006. This amendment was entered by the 
Examiner, as indicated in the Advisory Action filed November 1, 2006. 

Thus, Claims 122-126, 129-131 stand rejected and Appellants appeal the rejection of 
these claims. 

A copy of the rejected claims involved in the present Appeal is provided in the Claims 
Appendix. 

4. STATUS OF AMENDMENTS 

The amendments submitted after final rejection have been entered, as indicated in the 
Advisory Action filed November 1 , 2006. 

5. SUMMARY OF CLAIMED SUBJECT MATTER 
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The invention claimed in the present application is related to an isolated polypeptide 
comprising the amino acid sequence of the polypeptide of SEQ ID NO:357, referred to in the 
present application as "PROl 182." PROl 182 was shown for the first time in the present 
application to inhibit the uptake of glucose or FFA (free fatty acids) by adipocyte cells (Example 
158). This feature is specifically recited in Claim 124, and is carried by all claims dependent 
from Claim 124. In addition, the invention also claims the amino acid sequence of the 
polypeptide of SEQ ID NO:357, lacking its associated signal-peptide; or the amino acid 
sequence of the polypeptide encoded by the full-length coding sequence of the cDNA deposited 
under ATCC accession number 203088 (Claims 124, 126 and 129). The invention is further 
directed to polypeptides having at least 95% to 99% amino acid sequence identity to the amino 
acid sequence of the polypeptide of SEQ ID NO:357; the amino acid sequence of the polypeptide 
of SEQ ID NO:357, lacking its associated signal peptide; or the amino acid sequence of the 
polypeptide encoded by the full-length coding sequence of the cDNA deposited under ATCC 
accession number 203088, wherein said polypeptide enhances the uptake of glucose or FFA (free 
fatty acids) by adipocyte cells (Claims 122-123). The invention is further directed to a chimeric 
polypeptide comprising one of the above polypeptides fused to a heterologous polypeptide 
(Claim 130), and to a chimeric polypeptide wherein the heterologous polypeptide is an epitope 
tag or an Fc region of an immunoglobulin (Claim 131). PROl 182 polypeptide variants having at 
least about 95-99% amino acid sequence identity with a full length PRO polypeptide sequence, 
or a PRO polypeptide sequence lacking the signal peptide are generally described in the 
specification at, for example, page 305, line 23 onwards, and percent amino acid sequence 
identity determination is generally described at least at, for example, pages 306-308, line 14 
onwards. The preparation of chimeric PRO polypeptides (Claims 130 and 131), including those 
wherein the heterologous polypeptide is an epitope tag or an Fc region of an immunoglobulin, is 
set forth in the specification at page 374, lines 24 to page 375, line 9. Examples 140-143 and 
page 376, line 12 onwards describe the expression of PRO polypeptides in various host cells, 
including E. coli, mammalian cells, yeast and Baculo virus-infected insect cells. 

The amino acid sequence of the "PROl 182" polypeptide and the nucleic acid sequence 

encoding this polypeptide (referred to in the present application as "DNA59848-1512") are 

shown in the present specification as SEQ ID NOs: 357 and 356, respectively, and in Figures 252 

and 25 1 , described on pages 300, lines 8-11. The full-length PROl 1 82 polypeptide having the 
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amino acid sequence of SEQ ID NO:357 is described in the specification at, for example, on 
page pages 226-228; and the isolation of cDNA clones encoding PROl 182 of SEQ ID NO:357 is 
described in Example 1 1 1, page 492 of the specification, and is described in Figure 251 and SEQ 
ID NO: 356. That PROl 182 is a polypeptide having homology to conglutinin protein, a member 
of the C-type lectin family, is described at pages 33-34 and page 364. 

Finally, Example 158, in the specification at page 530, shows that PRO 11 82 tested 
positive in the Adipocyte Glucose/ FFA uptake assay, demonstrating that PROl 182 is active as a 
stimulator of glucose and/or FFA uptake, and therefore would have utility in the therapeutic 
treatment of disorders where the stimulation of glucose uptake by adipocytes would be 
beneficial, for example, obesity, diabetes or hyper- or hypo-insulinemia. 

6. GROUNDS OF REJECTION TO BE REVIEWED ON APPEAL 

I. Whether Claims 122-126, 129-131 satisfy the utility requirement of 35 U.S.C. 
§101 and 35 U.S.C. §1 12, first paragraph. 

II. Whether Claims 122-123 satisfy the written description requirement of 35 U.S.C. 
§112, first paragraph. 

7. ARGUMENT 
Summary of the Arguments 

Issue I: Utility 

The Examiner continues to maintain rejections based on the gene amplification assay (see 
pages 3-6 of the final Office Action). Since Appellants need show at least one utility to meet the 
requirements of 35 U.S.C. §101, instead of the gene amplification assay , the instantly pending 
claims were amended to rely upon assay 94 or 'the glucose/FFA uptake assay,' (Example 158) 
for patentable utility of PROl 182 polypeptides, in the responses filed March 10, 2005 and June 
23, 2005. Accordingly, any of the Examiner's rejections /references or discussions referring to 
the gene amplification assay are not currently addressed. Only rejections directed to the 
glucose/FFA uptake utility are discussed below. 

Patentable utility of the claimed PROl 182 polypeptides is based upon the results of the 
adipocyte glucose/FFA uptake assay for this polypeptide. The specification discloses that the 
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adipocyte glucose/FFA uptake assay is designed to determine whether a polypeptide is capable 
of modulating, either positively or negatively, the uptake of glucose or free fatty acids in 
adipocyte cells. By making such determinations, the assay identifies polypeptides that are 
expected to be useful for treating disorders wherein stimulation or inhibition of glucose uptake 
by adipocytes is expected to be therapeutically effective, for example, diabetes, and hyper- or 
hypo-insulinemia. 

The glucose/FFA uptake assay, as described in Example 158 of the instant application, 
was well known in the art at the time of the effective filing date of the instant application. As 
demonstrated by the references of record, similar assays were commonly used to identify 
potential anti-diabetic agents. For instance, at the time of the effective filing date of the instant 
application, it was well known in the art that increasing glucose uptake by adipocyte cells is a 
hallmark of a number of therapeutically effective agents, such as troglitazone and pioglitazone. 
Treatment with vanadium salts, another agent which increased glucose uptake, was shown to 
lower glucose levels in hyperglycemic rats. Diabetes, hyperglycemia, and obesity were know at 
the time of filing to be closely linked conditions (see, for example, Sandouk, page 352). Thus, 
the art has shown that agents which decrease circulating FFA levels (or increase glucose/FFA 
uptake by adipocytes) are useful in the treatment of disorders such as diabetes, hyperglycemia, 
and obesity. 

Appellants note that the evidentiary standard to be used throughout ex parte examination 
in setting forth a rejection is a preponderance of the totality of the evidence under consideration. 
Thus, to overcome the presumption of truth that an assertion of utility by the applicant enjoys, 
the Examiner must establish that it is more likely than not that one of ordinary skill in the art 
would doubt the truth of the statement of utility. Only after the Examiner has made a proper 
prima facie showing of lack of utility, does the burden of rebuttal shift to the applicant. 
Therefore, the legal standard for patentable utility is not absolute certainty. Clear evidence 
supports the glucose/FFA uptake enhancing activity of PROl 182. On the other hand, the 
Examiner has provided no evidence to demonstrate that it more likely than not that one of skill in 
the art would doubt the truth of this asserted utility of PROl 182 as an enhancer of glucose/FFA 
uptake. 

It is known in the art that FFA levels regulate glucose uptake by adipocytes. Thus, even 

if the actual mechanistic effect of PROl 182 is only to directly increase FFA uptake by adipocyte 
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cells, this will necessarily result in indirectly increasing glucose uptake by adipocytes. 
Furthermore, agents which are well known in the art as useful in the treatment of diabetes, such 
as the thiazolidenediones, have been shown to exert their effects, at least in part, through the 
increase of FFA uptake by adipocytes. Accordingly, an agent which increases FFA uptake by 
adipocytes has the same utility in the treatment of disease as those recognized by the Examiner 
for agents which enhance glucose uptake. 

Accordingly, Appellants submit that when the proper legal standard is applied, one 
should reach the conclusion that the present application discloses at least one patentable utility 
for the claimed PR01182 polypeptides. Further, based on this utility, one of skill in the art 
would know exactly how to use the claimed polypeptides without any undue experimentation. 

Issue II: Written Description 

Appellants note that the Advisory Action of November 1, 2006 does not repeat the 
rejection of Claims 122-123 under 35 U.S.C. §1 12, first paragraph, written description. The 
Examiner also failed to indicate if the rejection was withdrawn in the Advisory Action. Appellants 
argue this rejection as applied to pending Claims 122-123 assuming that the rejection has been 
maintained. 

According to the Examiner, the subject matter was not described in the specification in 
such a way as to reasonably convey to one skilled in the relevant art that the inventors had 
possession of the claimed invention at the time of filing. 

Amended Claims 122-123 claim the genus of polypeptides with at least 95-99% sequence 
identity to SEQ ID NO: 3 57 with the functional recitation: "wherein said polypeptide enhances 
the uptake of glucose or FFA (free fatty acids) by adipocyte cells," which is based on a well- 
established assay known to the skilled artisan at the effective filing date of this application. 
Moreover, the instant invention evidences the actual reduction to practice of full-length 
PROl 182 of SEQ ID NO: 357, with or without its signal sequence, or encoded by the full-length 
coding sequence of the cDNA deposited under ATCC accession number 203088. Therefore, the 
claimed polypeptides of Claims 122 and 123 are defined both by functional as well as structural 
features . Example 158, (page 530) of the present application provides detailed protocols for the 
glucose or FFA (free fatty acids) uptake assay by adipocyte cells including the extensive step-by- 
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step guidance in the specification. Appellants claim only those proteins which meet both 
recitations of the claims, structural and functional. Based on the detailed description of the 
cloning and expression of variants of PROl 182 in the specification, the description of the 
glucose or FFA (free fatty acids) uptake assay, the description of testing for variant polypeptides 
in the assay, the actual reduction to practice of sequence SEQ ID NO:357 and the functional 
recitation in the instant claims, one of skilled in the art would know that Appellants possessed 
the invention as claimed in the instant claims, at the time of filing of the application. From the 
specific activity of the claimed polypeptide, the description of the claimed genus is achieved. 

Accordingly, Appellants respectfully request reconsideration and withdrawal of this 
outstanding rejection under 35 U.S.C. §112, first paragraph. 

These arguments are all discussed in further detail below under the appropriate headings. 

ISSUE I: Claims 122-126. 129-131 satisfy the utility requirement of 35 U.S .C. S101 and 35 
U.S.C. §112, first paragraph 

Claims 122-126, 129-131 stand rejected under 35 U.S.C. §101 because allegedly "the 
claimed invention is not supported by either a specific and substantial asserted utility or a well- 
established utility." (Page 2 of the final Office Action mailed April 12, 2006). 

Appellants submit, for the reasons set forth below, that the specification discloses at least 
one credible, substantial and specific asserted utility for the PROl 182 polypeptides. 

A. The Legal Standard for Utility 

According to 35 U.S.C. §101: 

Whoever invents or discovers any new and useful process, machine, manufacture, or 
composition of matter, or any new and useful improvement thereof, may obtain a 
patent therefor, subject to the conditions and requirements of this title. (Emphasis 
added). 

In interpreting the utility requirement, in Brenner v. Manson, 1 the Supreme Court held 
that the quid pro quo contemplated by the U.S. Constitution between the public interest and the 
interest of the inventors required that a patent applicant disclose a "substantial utility" for his or 



Brenner v. Manson, 383 U.S. 519, 148 U.S.P.Q. (BNA) 689 (1966). 
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her invention, i.e. a utility "where specific benefit exists in currently available form." The Court 
concluded that "a patent is not a hunting license. It is not a reward for the search, but 
compensation for its successful conclusion. A patent system must be related to the world of 
commerce rather than the realm of philosophy." 3 

Later, in Nelson v. Bowler, 4 the C.C.P.A. acknowledged that tests evidencing 
pharmacological activity of a compound may establish practical utility, even though they may 
not establish a specific therapeutic use. The court held that "since it is crucial to provide 
researchers with an incentive to disclose pharmaceutical activities in as many compounds as 
possible, we conclude adequate proof of any such activity constitutes a showing of practical 
utility." 5 

In Cross v. Iizuka, 6 the C. A.F.C. reaffirmed Nelson, and added that in vitro results might 
be sufficient to support practical utility, explaining that "in vitro testing, in general, is relatively 
less complex, less time consuming, and less expensive than in vivo testing. Moreover, in vitro 
results with the particular pharmacological activity are generally predictive of in vivo test results, 
i.e. there is a reasonable correlation there between." 7 The court perceived "No insurmountable 
difficulty" in finding that, under appropriate circumstances, "in vitro testing, may establish a 
practical utility" 8 

The case law has also clearly established that Appellants' statements of utility are usually 
sufficient, unless such statement of utility is unbelievable on its face. 9 The PTO has the initial 
burden to prove that Appellants' claims of usefulness are not believable on their face. 10 In 

2 Id. at 534, 148 U.S.P.Q. (BNA) at 695. 

3 Id. at 536, 148 U.S.P.Q. (BNA) at 696. 

4 Nelson v. Bowler, 626 F.2d 853, 206 U.S.P.Q. (BNA) 881 (C.C.P.A. 1980). 

5 Id. at 856, 206 U.S.P.Q. (BNA) at 883. 

6 Cross v. Iizuka, 753 F.2d 1047, 224 U.S.P.Q. (BNA) 739 (Fed. Cii. 1985). 

7 Id. at 1050, 224 U.S.P.Q. (BNA) at 747. 

8 Id. 

9 In re Gazave, 379 F.2d 973, 154 U.S.P.Q. (BNA) 92 (C.C.P.A. 1967). 

10 Ibid. 
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general, an Applicant's assertion of utility creates a presumption of utility that will be sufficient 
to satisfy the utility requirement of 35 U.S.C. §101, "unless there is a reason for one skilled in 

1112 

the art to question the objective truth of the statement of utility or its scope." : 

Compliance with 35 U.S.C. §101 is a question of fact. 13 The evidentiary standard to be 
used throughout ex parte examination in setting forth a rejection is a preponderance of the 
totality of the evidence under consideration. 14 Thus, to overcome the presumption of truth that 
an assertion of utility by the applicant enjoys, the Examiner must establish that it is more likely 
than not that one of ordinary skill in the art would doubt the truth of the statement of utility. 
Only after the Examiner made a proper prima facie showing of lack of utility, does the burden of 
rebuttal shift to the applicant. The issue willthen be decided on the totality of evidence. 

The well established case law is clearly reflected in the Utility Examination Guidelines 
("Utility Guidelines") 15 , which acknowledge that an invention complies with the utility 
requirement of 35 U.S.C. §101, if it has at least one asserted "specific, substantial, and credible 
utility" or a "well-established utility." Under the Utility Guidelines, a utility is "specific" when 
it is particular to the subject matter claimed. For example, it is generally not enough to state that 
a nucleic acid is useful as a diagnostic without also identifying the conditions that are to be 
diagnosed. 

In explaining the "substantial utility" standard, M.P.E.P. §2107.01 cautions, however, 
that Office personnel must be careful not to interpret the phrase "immediate benefit to the 
public" or similar formulations used in certain court decisions to mean that products or services 
based on the claimed invention must be "currently available" to the public in order to satisfy the 
utility requirement. "Rather, any reasonable use that an applicant has identified for the invention 
that can be viewed as providing a public benefit should be accepted as sufficient, at least with 

11 In re hanger, 503 F.2d 1380,1391, 183 U.S.P.Q. (BNA) 288, 297 (C.C.P.A. 1974). 

12 See also In re Joltes, 628 F.2d 1322, 206 U.S.P.Q. 885 (C.C.P.A. 1980); In re Irons, 340 F.2d 974, 144 
U.S.P.Q. 351 (1965); In re Sickert, 566 F.2d 1154, 1159, 196 U.S.P.Q. 209, 212-13 (C.C.P.A. 1977). 

13 Raytheon v. Roper, 724 F.2d 951, 956, 220 U.S.P.Q. (BNA) 592, 596 (Fed. Cir. 1983) cert, denied, 469 
US 835 (1984). 

14 In re Oetiker, 977 F.2d 1443, 1445, 24 U.S.P.Q.2d (BNA) 1443, 1444 (Fed. Cir. 1992). 

15 66 Fed. Reg. 1092(2001). 
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regard to defining a 'substantial' utility." 16 Indeed, the Guidelines for Examination of 
Applications for Compliance With the Utility Requirement, 17 gives the following instruction to 
patent examiners: "If the applicant has asserted that the claimed invention is useful for any 
particular practical purpose . . . and the assertion would be considered credible by a person of 
ordinary skill in the art, do not impose a rejection based on lack of utility." 

B. The results of the adipocyte glucose/FFA uptake assay provide utility for the 
PRQ1182 polypeptide 

The Examiner continues to maintain rejections based on the gene amplification assay (see 
pages 3-6 of the final Office Action). Since Appellants need show at least one credible, 
substantial and specific asserted utility for the PRO 1 182 polypeptides to meet the requirements 
of 35 U.S.C. §101, as indicated instead of the gene amplification assay , the instantly pending 
claims were amended to rely upon assay 94 or 'the glucose/FFA uptake assay,' (Example 158) 
for patentable utility of PROl 182 polypeptides, in the responses filed March 10, 2005 and June 
23, 2005. Accordingly, any of the Examiner's rejections /references or discussions referring to 
the gene amplification assay are not currently addressed. Only rejections directed to the 
glucose/FFA uptake utility are discussed below. 

Appellants respectfully submit that they rely on the adipocyte glucose/FFA uptake assay) 
for patentable utility of the claimed PROl 182 polypeptides, and that the adipocyte glucose/FFA 
uptake assay data for the PROl 182 polypeptide is clearly disclosed in the instant specification 
under Example 158. 

The adipocyte glucose/FFA uptake assay is designed to determine whether a polypeptide 
is capable of modulating, either positively or negatively, the uptake of glucose or free fatty acids 
in adipocyte cells. By making such determinations, the assay identifies polypeptides that are 
expected to be useful for treating disorders wherein stimulation or inhibition of glucose uptake 
by adipocytes is expected to be therapeutically effective. Examples of these types of disorders 
include obesity, diabetes, and hyper- or hypo-insulinemia. 



16 M.P.E.P. §2107.01. 

17 M.P.E.P. §2107 11(B)(1). 
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The adipocyte glucose/FFA assay is performed as follows: primary rat adipocyte cells are 
plated on a 96 well plate and incubated overnight with media supplemented with PRO 11 82 
polypeptide. After the initial overnight incubation, samples of the media are taken at hour 4 and 
hour 16 and residual glycerol, glucose and FFA are measured. After the hour 16 sample is taken, 
insulin is added to the media and the adipocytes are allowed to incubate for an additional 4 
hours. After this final 4 hour incubation, another sample is taken and residual glycerol, glucose 
and FFA is measured again. As a control, identical incubations and samplings are performed on 
cells that have been incubated overnight in media initially supplemented with insulin rather than 
PRO 1 182 polypeptide. Results are scored as positive in the assay if the uptake is greater than 
1.5 times (stimulatory) or less than 0.5 times (inhibitory) the uptake of the insulin control. As 
PRO 11 82 resulted in more than 1.5 times the uptake of the insulin control, PRO 11 82 tested 
positive as a stimulator of glucose/FFA uptake in adipocyte cells . 

The glucose/FFA uptake assay as described in Example 158 of the instant application 
was also well known in the art at the time of the effective filing date of the instant application. 
Similar assays were commonly used to identify potential anti-diabetic agents and to study the 
regulatory mechanisms of important molecules involved in fat cell metabolism. 

For example, at the time of the effective filing date of the instant application, it was well 
known in the art that increasing glucose uptake by adipocyte cells is a hallmark of a number of 
therapeutically effective agents, such as troglitazone and pioglitazone. (Tafuri, Endocrinology, 
137(11): 4706-4712 (1996); Sandouk, et al., Endocrinology, 133(l):352-359 (1993)). Both 
troglitazone and pioglitazone are members of the thiazolidinedione class of compounds and have 
been used to effectively treat noninusulin-dependent diabetes mellitus (NLDDM), the most 
common form of diabetes. Both compounds function, at least in part, by increasing the number 
of cellular glucose transporters in order to facilitate increased glucose uptake. 

Further, at the time of the effective filing date of the instant application, vanadium salts 

were considered as a possible treatment for diabetes, and several clinical trials had already been 

performed. (Page 26617, right column, Goldwaser et al.,J. Biol Chem., 274(37):26617-26624 

(1999)). Using a rat adipocyte culture system similar to the system disclosed in the instant 

application, Goldwaser et al, showed that vanadium ligand 1-Glu (y)HXM potentiates the 

capacity of free vanadium ions to activate glucose uptake and glucose metabolism in rat 

adipocytes in vitro by 4-5 folds and to lower blood glucose levels in hyperglycemic rats in vivo 
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by 5-7 fold. This is further evidence that at the effective filing date of the present application 
one skilled in the art would have reasonably expected that molecules activating glucose uptake 
would find utility in the treatment of diabetes and related diseases. 

In addition, the investigators in Mueller et al, who were interested in determining the 
influence of glucose uptake on leptin secretion, employed essentially the same assay to measure 
changes in glucose uptake after insulin exposure. (Mueller et al, Endocrinology, 139(2): 551- 
558 (1998)). Figure 1A shows the glucose concentrations in medium from 0-96 hours from 
isolated rat adipocytes in primary culture with various insulin concentrations. As indicated by 
the decrease in glucose in the medium in the Figure, Mueller et al. suggest that insulin produced 
a concentration-dependent increase in glucose uptake by the cultured adipocytes. Based on these 
experimental results, the authors stated that insulin increased leptin secretion over 96 hours, and 
that the increase in leptin was closely related to the amount of glucose taken up by the adipocytes 
than to the insulin concentration, suggesting a role for glucose transport and/or metabolism in 
regulating leptin secretion. (See Abstract). 

Using the same assay system, Mueller et al further studied the effect on leptin secretion 
of two well-known anti-diabetic agents, metformin and vanadium, which were known to enhance 
glucose uptake. (Muller etal, Obesity Research, 8(7): 530-539 (2000)). The experimental data 
indicated that both metformin and vanadium increased glucose uptake and inhibit leptin secretion 
from cultured adipocytes. 

Accordingly, Appellants respectfully submit that at the effective filing date of the instant 
application, one of skill in the art would have reasonably accepted that various compounds, such 
as PRO 1 182, that are capable of modulating glucose uptake have a substantial, practical, real life 
utility. The above-mentioned studies have clearly established that the glucose/FFA uptake assay 
as described in the instant application is a reliable assay system to identify therapeutic agents for 
treating diseases and conditions such as obesity, diabetes, and hyperinsulinemia. Therefore, 
Appellants respectfully submit that a variety of real-life utilities, such as treatments for glucose 
uptake related diseases, including obesity and diabetes, are envisioned for PRO 1 182 based on the 
glucose/FFA uptake assay results disclosed herein. 

The Examiner has acknowledged that the teachings within "each of the references cited 

by the Applicant (Tafuri et al, Sandouk et al, Goldwaser et al, Mueller et al (1998) and 

Mueller et al (2000)) teaches that the agents utilized in the assays enhance glucose 
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uptake Disorders such as obesity, diabetes, and hyper- or hypo-insulinemia are 

characterized by a reduction in the amount of glucose entering all cells, including 

adipocytes Therefore, as emphasized by Tafuri et al., Sandouk et al, Goldwaser et al, 

Mueller et al. (1998) and Mueller et al. (2000), one skilled in the art is searching for agents that 
will enhance glucose uptake into adipocyte cells ." (page 7, line 2 through page 8, line 2 of final 
Office Action of April 12, 2006). 

As the Examiner acknowledges, based on the instant results demonstrating the ability of 
the PROl 182 polypeptides to enhance glucose uptake in the glucose/ FFA assay, one skilled in 
the art would readily recognize that PROl 182 polypeptides are useful in the treatment of 
disorders benefiting from this biological activity, such as obesity, diabetes, or hyper- or hypo- 
insulinemia. 

The Examiner has further maintained that "Tafuri et al, Sandouk et al, Goldwaser et al, 
Mueller et al (1998) and Mueller et al. (2000) teach different methodologies for the 
measurement of glucose uptake in adipocyte cells as compared to the glucose assay of the instant 
specification . . ..None of the references utilizes the same grading scale disclosed in the instant 
specification, but instead report dose-response curves. The instant specification does not report 
any specific cell numbers or statistical differences and there is no indication in the specification 
as to how PROl 182 inhibited glucose uptake as compared to control or whether the results were 
significant " (Emphasis added). The Examiner concludes that the PRO 11 82 peptide is not in 
currently available form, and the asserted utility is not substantial. 

Appellants respectfully submit that, compliance with the utility requirement does not 

require that the methodology used in making the invention be the same as those used in the 

referenced or related art. What is important is that the assay be a well- recognized assay and that 

guidelines be provided in the specification to perform the assay, including assay read-out, if 

applicable. As discussed in their response dated August 10, 2006, Appellants submitted that the 

glucose uptake assay is a well-accepted assay in the art for identifying molecules that modulate 

glucose uptake. The fact remains that the results of the adipocyte glucose/FFA uptake assay 

were positive, indicating that PROl 182 polypeptides are useful in enhancing glucose uptake by 

adipocyte cells. The instant specification also clearly discusses the controls used in the assay. 

For example, the results of the glucose uptake assay were scored as positive if the uptake was 

greater than 1.5 times (stimulatory), or as inhibitory, if the uptake was less than 0.5 times the 
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uptake of the insulin control . Since PROl 1 82 resulted in more than 1 .5 times the uptake of the 
insulin control, PROl 1 82 tested positive as a stimulator (or enhancer) of glucose/FFA uptake in 
adipocyte cells. 

The Examiner's requirement for specific "same grading scales", "specific cell numbers or 
statistical differences" (page 9, paragraph 1 of final Office Action) are also clearly not a 
requirement of the utility standards set by the USPTO. Appellants submit that the glucose 
uptake assay described herein is a comparative assay, meaning that the utility is based upon a 
comparison of relative uptake levels between a well-accepted and known control like insulin (for 
glucose uptake) and a test molecule like PROl 182. Useful pharmacological information is 
obtained when a relative difference is observed in this assay. In addition, the need for "cell 
numbers or statistical results" is a misplaced requirement, and is a clear indication that the 
Examiner applies a standard that might be appropriate if the issue at hand were the regulatory 
approval of a pharmacological or diagnostic assay, but is fully inappropriate for determining if 
the "utility" standard of the Patent Statute is met. The FDA, reviewing an application for a new 
assay, will indeed ask for actual numerical data, statistical analysis, and other specific 
information before any assay is approved. However, the Patent and Trademark Office is not the 
FDA, and the standards of patentability are not the same as the standards of market approval. It 
is well established law that therapeutic utility sufficient under the patent laws is not to be 
confused with the requirements of the FDA with regard to safety and efficacy of drugs to 
marketed in the United States. 

C. A prima facie case of lack of utility has not been established 

The Examiner has asserted that "assays demonstrating that glucose uptake is inhibited by 
the PRO polypeptide are not enabling, since there is no real world use for such a peptide, or the 
assay that measures it. Since there is little additional information about the claimed PRO 
peptide, use of the claimed peptide for the FFA assay cannot be seen as enabling without 
evidence or data supporting a specific function for the claimed PRO amino acids" (Page 2 of the 
Advisory Action mailed November 1, 2006). 

Appellants respectfully point out that the standard for utility is not absolute certainty, but 
more likely than not. Appellants further point out that it was well known in the art at the time of 
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filing that both glucose and FFA levels were associated with diabetes, obesity, and 
hyperinsulinemia. In fact, it was further known in the art at the time of filing that, antidiabetic 
agents such as the thiazolidinediones (including troglitazone and pioglitazone) which increase 
glucose uptake, also increase FFA uptake by adipocytes (see references (Tafuri, Endocrinology, 
137(11): 4706-4712 (1996); Sandouk, etal, Endocrinology, 133(l):352-359 (1993) submitted 
by Appellants). Thus, circulating FFA level was one of the factors which regulated glucose 
uptake. Hence, it was clear that agents which decreased circulating FFA levels were effective in 
the treatment of diseases such as obesity and diabetes. In other words, agents which increased 
FFA uptake by adipocytes were useful in the treatment of diabetes, obesity and 
hyperinsulinemia . 

Thus, even if the actual mechanistic effect of PRO 11 82 is only to directly increase FFA 
uptake by adipocyte cells, this will necessarily result in indirectly increasing glucose uptake by 
adipocytes. The effect of FFA levels on glucose uptake has been clearly demonstrated in the 
references in the art at the time of filing of the application. Furthermore, agents which are well 
known in the art as useful in the treatment of diabetes, such as the thiazolidenediones, have been 
shown to exert their effects, at least in part, through the increase of FFA uptake by adipocytes. 
Accordingly, an agent which increases FFA uptake by adipocytes has the same utility in the 
treatment of disease as those recognized by the Examiner for agents which increase glucose 
uptake. 

Accordingly, one of ordinary skill in the art would find it more likely than not that an 
agent which increases uptake of glucose and/or FFA by adipocytes would also be useful in the 
treatment of disorders such as diabetes, hyperglycemia, and obesity. Clear evidence supports the 
glucose/FFA uptake enhancing activity of PRO 1 1 82. On the other hand, the Examiner has 
provided no evidence to demonstrate that it more likely than not that one of skill in the art would 
doubt the truth of this asserted utility of PRO 1 182 as an enhancer of glucose/FFA uptake. Since 
the standard is not absolute certainty, a prima facie showing of lack of utility has not been made 
in this instance and the burden to provide further evidence of utility has not shifted to Appellants. 

Based on the above arguments, Appellants have clearly demonstrated a credible, specific 

and substantial asserted utility for the PROl 182 polypeptide, for example in the treatment of 

disorders such as obesity, diabetes, and hyper- or hypo-insulinemia. Further, based on this utility 

and the disclosure in the specification, one skilled in the art at the time the application was filed 
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would know how to use the PRO 1 182 polypeptides, for instance, in the treatment of disorders for 
which modulation of glucose uptake by adipocytes would be beneficial, such as obesity, 
diabetes, and hyper- or hypo-insulinemia without undue experimentation. 

Accordingly, given that the specification discloses at least one patentable utility for the 
claimed PROl 182 polypeptides, Appellants respectfully request reconsideration and reversal of 
the rejection of Claims 122-126, 129-131 under 35 U.S.C. §101 and 35 U.S.C. §112, first 
paragraph. 

ISSUE II: Claims 122-123 satisfy the written description requirement of 35 U.S.C. §112, 
first paragraph. 

Claims 122-123 stand rejected under 35 U.S.C. §1 12, first paragraph, allegedly "because, 
the subject matter was not described in the specification in such a way as to reasonably convey to 
one skilled in the relevant art that the inventors had possession of the claimed invention at the 
time of filing." (Page 1 1 of the final Office Action mailed April 12, 2006). 

Appellants note that the Advisory Action of November 1, 2006 does not repeat the 
rejection of Claims 122-123 under 35 U.S.C. §1 12, first paragraph, written description. The 
Examiner also failed to indicate if the rejection was withdrawn in the Advisory Action. Appellants 
argue this rejection as applied to pending Claims 122-123, assuming that the rejection has been 
maintained. 

Appellants were in possession of the invention as of the effective filing date of an 
application is a factual determination, reached by the consideration of a number of factors, 
including the level of knowledge and skill in the art, and the teaching provided by the 
specification. The inventor is not required to describe every single detail of his/her invention. 
An Applicant's disclosure obligation varies according to the art to which the invention pertains. 

The currently amended claims claim the genus of polypeptides with at least 95-99% 
sequence identity to SEQ ID NO:357 with the functional recitation: "wherein said polypeptide 
enhances the uptake of glucose or FFA (free fatty acids) by adipocyte cells," which, as discussed 
above, is based on a well-established assay known to the skilled artisan at the effective filing 
date of this application. Moreover, the instant invention evidences the actual reduction to 
practice of full-length PROl 182 of SEQ ID NO: 357, with or without its signal sequence, or 
encoded by the full-length coding sequence of the cDNA deposited under ATCC accession 
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number 203088. Therefore, the claimed polypeptides of Claims 122 and 123 are defined both by 



functional as well as structural features . 

The present situation is analogous to Example 14 on pages 53-55 of the Written 
Description Training Materials which analyzes a claim directed to a protein and variants thereof 
having 95% sequence identity, all of which share the same biological function, for its compliance 
with the written description requirement of 35 U.S.C. §112, first paragraph. The Written 
Description Training Materials conclude that such a claim satisfies the written description 
requirement of 35 U.S.C. §1 12, first paragraph, when: (1) a single protein sequence is actually 
reduced to practice, (2) procedures for making variants of that "reduced to practice" protein 
sequence are conventional in the art, and (3) an assay is described which allows identification of 
other proteins having the same biological activity. The reasoning provided by the USPTO in the 
Written Description Training Materials is that: 

"[tjhere is actual reduction to practice of the single disclosed species. The specification 
indicates that the genus of proteins that must be variants of SEQ ID NO:., . does not have 
substantial variation since all of the variants must possess the specified rbiological 
function! and must have at least 95% identity to the reference sequence . SEQ ID 
NO: ... The single species disclosed is representative of the genus because all members 
have at least 95% structural identity with the reference compound and because of the 
presence of an assay which applicant provided for identifying all of the at least 95% 
identical variants of SEQ ID NO:... which are capable of the specified [biological 
function]. One of skill in the art would conclude that applicant was in possession of the 

necessary common attributes possessed by members of the genus {As such], the 

disclosure meets the requirements of 35 U.S.C. § 1 12, first paragraph, as providing 
adequate written description for the claimed invention. " (emphasis added). 

The instantly pending claims recite polypeptides having 95% or 99% sequence identity 
with the disclosed polypeptide sequence SEQ ID NO: 357, and also include the functional 
recitation: "wherein said polypeptide enhances the uptake of glucose or FFA (free fatty acids) 
by adipocyte cells." Example 158, (page 530) of the present application provides detailed 
protocols for the glucose or FFA (free fatty acids) uptake assay by adipocyte cells including the 
extensive step-by-step guidance in the specification. Appellants claim only those proteins which 
meet both recitations of the claims, structural and functional. The specification further describes 
methods for the determination of percent identity between two amino acid sequences. In fact, 
the specification teaches specific parameters to be associated with the term "percent identity" as 
applied to the present invention (page 306-308, line 14 onwards). The specification further 
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provides detailed guidance as to changes that may be made to a PRO polypeptide without 
adversely affecting its activity (page 372, line 36 to page 373, line 17). This guidance includes a 
listing of exemplary and preferred substitutions for each of the twenty naturally occurring amino 
acids (Table 6, page 372). Accordingly, one of skill in the art could identify whether a variant 
PRO 1 182 sequence falls within the parameters of the claimed invention. Once such an amino 
acid sequence is identified, the specification sets forth methods for making the amino acid 
sequences (see page 305, line 23 and page 371) and methods of preparing the PRO polypeptides 
(Example 140-143, page 376). 

Based on the detailed description of the cloning and expression of variants of PR01182 
in the specification, the description of the glucose or FFA (free fatty acids) uptake assay, the 
description of testing for variant polypeptides in the assay, the actual reduction to practice of 
sequence SEQ ID NO:357 and the functional recitation in the instant claims, one of skilled in the 
art would know that Appellants possessed the invention as claimed in the instant claims, at the 
time of filing of the application. From the specific activity of the claimed polypeptide, 
Appellants believe that the description of the claimed genus is achieved. 

Accordingly, Appellants respectfully request reconsideration and reversal of the written 
description rejection of Claims 122-123 under 35 U.S.C. §112, first paragraph. 

CONCLUSION 

For the reasons given above, Appellants submit that the adipocyte glucose/FFA uptake 
assay disclosed in Example 158 of the specification provides at least one asserted specific and 
substantial patentable utility for the claimed PROl 182 polypeptides, and that one of ordinary 
skill in the art would accept this asserted utility as credible, and would understand how to make 
and use the claimed PROl 182 polypeptides. Therefore, Claims 122-126, 129-131 meet the 
requirements of 35 U.S.C. §101 and 35 U.S.C. §112, first paragraph, for Utility and Enablement. 
Further, for the reasons outlined above, the requirements of 35 U.S.C. §112, first paragraph, 
Written Description are also met. Accordingly, reversal of all the rejections of 122-126, 129-131 
is respectfully requested. 
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8. 



CLAIMS APPENDIX 



Claims on Appeal 

122. An isolated polypeptide having at least 95% amino acid sequence identity to: 

(a) the amino acid sequence of the polypeptide of SEQ ID NO:3 57; 

(b) the amino acid sequence of the polypeptide of SEQ ID NO:357, lacking its 
associated signal peptide; or 

(c) the amino acid sequence of the polypeptide encoded by the full-length coding 
sequence of the cDNA deposited under ATCC accession number 203088; 

wherein said polypeptide enhances the uptake of glucose or FFA (free fatty acids) by 
adipocyte cells. 

123. An isolated polypeptide having at least 99% amino acid sequence identity to: 

(a) the amino acid sequence of the polypeptide of SEQ ID NO:357; 

(b) the amino acid sequence of the polypeptide of SEQ ID NO:357, lacking its 
associated signal peptide; or 

(c) the amino acid sequence of the polypeptide encoded by the full-length coding 
sequence of the cDNA deposited under ATCC accession number 203088; 

wherein said polypeptide enhances the uptake of glucose or FFA (free fatty acids) by 
adipocyte cells. 

124. An isolated polypeptide comprising: 

(a) the amino acid sequence of the polypeptide of SEQ ID NO:357; 

(b) the amino acid sequence of the polypeptide of SEQ ID NO:357, lacking its 
associated signal peptide; or 

(c) the amino acid sequence of the polypeptide encoded by the full-length coding 
sequence of the cDNA deposited under ATCC accession number 203088. 
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125. The isolated polypeptide of Claim 124 comprising the amino acid sequence of the 
polypeptide of SEQ ID NO:357. 

126. The isolated polypeptide of Claim 124 comprising the amino acid sequence of the 
polypeptide of SEQ ID NO:357, lacking its associated signal peptide. 

129. The isolated polypeptide of Claim 124 comprising the amino acid sequence of the 
polypeptide encoded by the full-length coding sequence of the cDNA deposited under 
ATCC accession number 203088. 

130. A chimeric polypeptide comprising a polypeptide according to Claim 124 fused to a 
heterologous polypeptide. 

131. The chimeric polypeptide of Claim 130, wherein said heterologous polypeptide is an 
epitope tag or an Fc region of an immunoglobulin. 
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9. EVIDENCE APPENDIX 

1 . Tafuri, S.R., "Troglitazone Enhances Differentiation, Basal Glucose Uptake, and Glutl 
Protein Levels in 3T3-L1 Adipocytes," Endocrinology, 137(11):(4706-4712 (1996). 

2. Sandouk, T., et al., "The Antidiabetic Agent Pioglitazone Increases Expression of 
Glucose Transporters in 3T3-F442A Cells by Increasing Messenger Ribonucleic Acid Transcript 
Stability", Endocrinology 133(l):352-359 (1993). 

3 . Goldwaser, L, et al., "L-Glutamic Acid 7-Monohydroxamate: A potentiator of vanadium- 
evoked glucose metabolism in vitro and in vivo", J. Biol. Chem. 274(3 7):266 17-26624 (1999). 

4. Mueller, W. M., et al., "Evidence That Glucose Metabolism Regulates Leptin Secretion 
from Cultured Rat Adipocytes", Endocrinology 139(2):551-558 (1998). 

5. Mueller, W. M., et al., "Effects of Metformin and Vanadium on Leptin Secretion from 
Cultured Rat Adipocytes", Obesity Research 8(7):530-539 (2000). 

Items 1-5 were submitted with Appellants' Information disclosure Statement filed March 10, 2005, 
and was made of record by the Examiner in the Office Action mailed September 26, 2005. 
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10. RELATED PROCEEDINGS APPENDIX 

None- - no decision rendered by a Court or the Board in any related proceedings 
identified above. 
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troglitazone-treated cells, but did not change in fully differentiated 
adipocytes. To assess the metabolic consequences of troglitazone 
treatment, both basal and insulin-etiinulated glucose uptake were 
monitored in treated cells. Troglitazone treatment increased basal 
glucose transport 1.5- to 2.0-fold, whereas insulin-stimulated uptake 
was unaffected. Enhanced basal transport was caused by an increased 
synthesis of both Glutl glucose transporter messenger UNA and pro- 
tein. These results suggest the possibility that in vivo, the troglita- 
zone-dependent increase in glucose disposal may be attributable in 
part to modifications in the expression of Glutl in insulin-responsive 
tissues. (Endocrinology 137: 4706-4712, 1996) 



NONINSUUN-DEPENDENT diabetes melBtus (NIDDM), 
the most common form of diabetes, is estimated to 

dSSse commonly develops during middle age and is char- 
SeSby hyperglycemia, hyperkalemia, and msubn 
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S^ta «^k« with me administration of insuhn 
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expound class, improves glucose tolerance and insulin sen- 
3 m toth diabetic (5, 6) and gluo>se-intolerant (7) pa- 
tients Little is known about the biochemical mechanism of 

action of these compounds. ,. . . 

Adipose tissue is highly responsive to msuhn. Ite primary 
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tissue secretes hormones capable of regulating feeding pat- 
terns, satiety, and adiposity (9). Because of the importance of 
adipose tissue in metabolic regulation and insulin resistance, 
it may play an important role in the mechanism of action of 
thiazolidinediones. 

To understand if and how the thiazoUdinediones affect 
adipose cell metabolism, a study was designed to determine 
how troglitazone affects glucose utilization in 3T3-L1 adi- 
pocytes. This system was chosen because it is easily manip- 
ulated and is not complicated by the problems associated 
with the metabolic feedback loops present in vivo. Addition- 
ally, previous experiments with pioglitazone, another mem- 
ber of the thiazolidinedione family, in 3T3-F442A adipose 
cells suggested that these compounds increase differentia- 
tion (10, 11) and glucose uptake (12) in adipocytes. In the 
studies discussed here, troglitazone increased differentiation 
in 3T3-L1 cells when administered at the initiation of the 
differentiation protocol. Furthermore, troglitazone enhanced 
glucose uptake in these cells by altering the total number of 
basal glucose transporters within the cell. 

Materials and Methods 

Materials 

3T3-L1 cells were obtained from the American Type Tissue Culture 
Collection (Rockvttle, MD). High glucose DMEM culture medium and 
bovine serum were purchased from Life Technologies (Gaithersburg, 
MD). Insulin, dexamethasone, and isomethylbulylxanthine were pur- 
chased from Sigma Chemical Co. (St. Louis, MO). Troglitazone and 
pioglitazone were synthesized by Parke-Davis (Ann Arbor, MI) and 
Sankyo (Tokyo, Japan), respectively. 

Cell culture 

3T3-L1 fibroblasts were grown and passaged in DMEM containing 
10% FBS. For adipocyte differentiation, 2 day postcortfluent cells were 
placed in 10% FBS-DMEM, 1 fig/ ml insulin, 025 iaa dexamethasone, 
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IIUmM isanethylbutylxanthine Forty-eight hours later, die me- 
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:NA preparation, Northern blot analysis, and ribonuclease 

RNase) protection assays 

A-.^.m Ivsis method (Ultraspec RNA isolation system, 
- C^TTXiS u&edto prepare RNA samples. For Northern 
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Western Wot analysis 
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N *£- ^ s irem'(B^d Uboratories, Richmond, CA) was used 
prote^alys^temt^O-^ blote were performed using sian- 
to i ete !^r^b^^te«Xns were detected using the chemi- 

luminescent as ^)Z~7'^ ns , a dutathione S-transferase rusKmprotem 
^tflSSof the Glut! glucose transporter. The 
^ B ^™unSury purified and shown not to cross-react 
wlSmKS^ucSu^porter protein. The Gl»t4-specific an- 
SytaTSy by Dr. Michael Mueckle, 

Results 

Troglitazone enhances adipocyte differentiation in 3T3-L1 
cells 

The differentiation of 3T3-L1 preadipocytes into adipo- 
sis a complex process that is affected by ■ cril p^sage 
' . - variety of environmental conditions. Under 

converted into fat droplet-containing^ dipocytes in 5-7 day* 
S faTdroplets first appearing on day 4. However, as the 
.rfJLSS « passwS the efficiency of differentiation 
CffiSa SrrSner, such thai a confluent plate 
SSSnllands of adipocytes within undiff elated 
JSroblasts. This loss of phenotype is also assorted with a 
SSase in the rate of differentiation, causing the initial 
SSSiSof fat droplets to occur around day 5 or 6. Initial 
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conversion frequency of approximately 50%. To study the 
effects of trpglitazone on differentiation, 0.5-5 jxm compound 
was added with 167 nM insulin, 0.25 m** dexamethasone, and 
0.5 mM isomethylrwty bean thine (hormone cocktail) at the 
initiation of differentiation and reapplied with each medium 
change Eight-day troglitazone treatment without hormone 
cocktail showed minimal differentiation (Fig. 1, A and B). 
Less than 1% of the cells became adipocytes; however, the 
number of adipocytes in the drug-treated sample was greater 
than that in the untreated sample. In the presence of hormone 
cocktail, troglitazone significantly enhanced the percentage 
of adipocyte differentiation (Fig. 1, C and D). Nearly 100% ot 
treated ceils contained fat droplets compared to 50% of the 
untreated group. Additionally, the rate of differentiation was 
enhanced as fat droplets began to accumulate in die treated 
group 1 day before the control group. 

Adipocyte differentiation has been shown to be dependent 
upon the activation of several transcription factors, which, in 
turn, initiate the expression of a repertoire of adipocyte 
genes. One such factor, CCAAT enhancer binding protein-a 
(C/EBPa), has been shown to be necessary and sufficient for 
adipocyte conversion inboth preadipocyte and fibroblast cell 
lines (14-17). Moreover, mice laddng C/EBPct expression 
fail to accumulate both white and brown fat, suggesting that 
C/EBPa is required for terminal adipoctye differentiation 
(18). C/EBPa mRNA is not expressed in preadipocytes, is 
induced 2-3 days after the initiation of differentiation, and is 
maintained at a high level in the adipocyte (19). As trogli- 
tazone increases adipocyte differentiation, total RNA was 
isolated from differentiating cells treated with hormone 
cocktail containing 0 or 5 um troglitazone and probed with 
labeled C / EBPa complementary DN A to determine whether 
troglitazone enhances C/EBPa expression. The control cells 
used in this experiment differentiated 95-100% without the 




FiG. 1. Troglitazone enhances the differentiation of 3T3-L1 preadi- 
pocytes to adipocytes. Confluent preadipocytes were iraintainedin 
culture for 8 days without compound (A) or with 5 mm troglitazone (B), 
as described in Materials and Method*. Identical cells were treated 
with differentiation cocktail (167 nM insulin, 0.26 uM dexamethasone, 
and 0.5 mM isomethylbutylxanunne> with (D) or without (C) 6 |iM 
troglitazone. 
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V\a 3 Troalitozone treatment in combination with insulin increases 
basal glucote uptake in adipocytes. Adipocytes were differentiated 
S r&OnMinJuIinin combination with 0.25^dex^etha«»e and 
oHh isomethylbutylxanthi^ -J^^^^^SS& 
owe uptake was monitored, an described in Materuds and Methods^ 
values were obtained from duplicate samples. When assayed, the 
control cells exhibited 10% differentiation, whereas the troghtaaone- 
treated cells showed 80% differentiation. 

treated without the addition of the hormone cocktail (data 
not shown). This suggests that trogUtazone increases the 
activity or number of functional glucose transporters per cell, 

01 Nordnsulin-dependent {basal} glucose uptake is a result of 
transport through the membrane-associated Glutl glucose 
transporter, whereas insulin-stimulated glucose uptake re- 
sults from the combined activities of Glutl and the hormone- 
sensitive glucose transporter, Glut4, which are associated 
with both the plasma membrane and microsomal compart- 
ments. Comparison studies have shown that the levels of 
these two glucose transporter proteins differ between prea- 
dipocytes and adipocytes (13, 20, 21) (see Fig. 7). Total cel- 
lular levels of Glutl decline slightly with differennatton. 
Conversely, the amount of Glut4 transporter in the adipocyte 
increases from undetectable in the preadipocyte to a value 
2-fold greater than that of Glutl. Comparison of the adipo- 
cyte morphology between the cultures in the glucoseuptake 
experiment in the previous experiment indicated that the 
trogUtazone-treated samples had a higher adipocyte/ prea- 
dipocyte ratio man the control samples (data not shown). 
Therefore, because the number and type of glucose trans- 
porters change during adipocyte differentiation, the adipo- 
cyte/ preadipocyte ratio must be equivalent between sam- 
ples to accurately determine how trogUtazone affects glucose 
transport. To do this, we repeated the previous expenment 
using 3T3-L1 cells that differentiated more than 95% under 
standard differentiation conditions without trogUtazone and 
whose morphology and final C/EBPa mRNA levels (Fig. 2) 
were not significantly enhanced by trogKtazone treatment In 
addition, we compared the basal glucose uptake to insuUn- 
stimulated glucose uptake, which distinguishes between 
Glutl and Glut4 transporter activities. As shown in Fig. 4, 
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fa 4 Troglitazone Increases basal glucose uptake » f^ipocytes. 
^nocvteswere differentiated under standard conditions in tie pres- 
kdipocytes were "i 1 "^ ^itaione. The percentage of adipocyte 
■ n « or ^H^n iufa^leTwaB more than 96%. [««C]Deoxyglucose 
l^fferenuauon m ^ differentiation. Per insulin-stim- 

.ptakewasmomtoredSc^saner (oTa0win mlx i 0 -» m 

£StaS?. SS p^ncXti^serum-free DMEM. All values 
TO re obtained from duplicate samples. 

Msal glucose uptake increased 1. 7-fold in response to 0.5 jiM 
3itazone. Similar results (1.4-fold) were found for Glut4- 
JXSSTinsuIin-stimulated glucose uptake. As basal g u- 
^uotake is a function of Glutl transporters, and insuhn- 
stoulated uptake results from the combination of Glutl and 
G^ftTans£rter activities, the fact that troglitazone en- 
Kances both basal and insulin-stimulated glucose uptake 
equivalent^ suggests that the compound only alters Glutl 

tea -^S?2pa?ate the effects of troglitazone on glucose 
uptake from those on adipocyte differentiation, adipocyte 
differentiated in the absence of troglitazone were treated 
wi^3or5 um troglitazone for 48 h before the glucose 
™£ke asSy Chown in Fig. 5, 05 and 5 jim troglitazone 
^I^en pLuced 2- and 2.7-fold increases in basal glucose 
^ansport activity. As there was no change in morphology in 
A^S during treatment, these data show that trogl tazone 
bLl glucose uptake activity without affecting 

cell differentiation. 

To determine whether the enhancement of glucose trans- 
porter activity is due to an increase in transporter number or 
Sn increase in transporter function, Western analysis was 
SrSmeTon whole «U lysates (from cells differentiated n 
£ prSence or absence of troglitazone) using either Glutl- 
or Glut4-specific antibodies (Fig. 6) Agaia ^P^/ 
oreadiDocyte ratio required to eliminate the effects of dif- 
ferential on transporter levels was identical ir, . treated and 
nntrpated samples. As previously described (13, 20, 21), 
Qu?l Wrter levels decreased slightly with adipocyte 
dWrentiation, whereas Glut4 levels increased dramatical^. 
Troglitazone caused a 2.3-fold increase in Glutl protein witfi- 
out altering Glut4 levels. Thus, troglitazone enhances glu- 
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Fig. 5. Troglitazone enhances basal glucose uptake in fully differ- 
entiated adipocytes. Fully differentiated adipocytes were treated with 
0, 0.5, or 6 itM troglitazone. Basal glucose uptake was assessed 48 h 
after treatment. All values were obtained from duplicate sampleB. The 
percentage of adipocyte differentiation in all samples was more than 
95*. 

cose uptake by increasing the number of basal glucose trans- 
porters per cell. Additionally, a Glutl RNase protection assay 
was performed on RNA isolated from cells differentiated in 
the presence or absence of 5 m-m troglitazone (Fig. 7). The 
Glutl /actin ratio was approximately 1.5-2 fold higher in the 
RNA samples isolated from troglitazone- treated cells. This 
directly correlates with the 2-fold increase in glucose trans- 
port and shows that troglitazone increases the number of 
Glutl transporters in adipocytes. 

As differentiation also affects Glutl mRNA stability, and 
a previous report (12) indicated that thiazolidinediones in- 
creased mRNA stability, a Glutl RNase protection assay was 
performed on RNAs isolated from adipocytes treated with 5 
/ig/ml actinomycin D. Figure 8 shows that when the control 
cells and troglitazone cells displayed the same adipocyte/ 
preadipocyte ratio, the rate of Glutl mRNA decay was the 
same for both treated and untreated cells. Identical results 
were obtained from cells treated with pioglitazone, another 
antidiabetic thiazolidinedione (data not shown). Albeit in- 
directly, these data also suggest that die increase in Glutl 
mRNA is due to an increase in Glutl transcription. 

Discussion 

Troglitazone treatment of 3T3-L1 cells increases both the 
rate and percentage of adipocyte differentiation. This phe- 
nomenon is linked to the increased rate of C/EBPa accu- 
mulation in differentiating cells. Because this accumulation 
of CI EBPa message occurs within 24 h of drug treatment it 
implies that troglitazone interacts with proteins tint are 
present in the preadipocyte or are rapidly induced by the 
differentiating hormone cocktail. Recent work on adipocyte 
differentiation suggests that the proteins involved are mem- 
bers of the peroxisome proliferator-activated receptor 
(PPAR) family (22, 23). These nuclear receptors are activated 
by endogenous fatty add or PG ligands (24-26) and in com- 
bination with C/EBP family members are believed to induce 
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^J^^ffe^tiation in all samples was more than 95% Thirty 
^SS^rfpwteto were loaded per lane, as determm^umng 
W^fd ^yais Wram. represent data acquired from two 
independent experiments. 

adipocyte differentiation (27-29). Lehmarm and colleagues 
SttSve shown that another thiazolidinedione, BRL 49653, 
£?£Sdte FPART the adipc^te-spedficPPARfainay 
Lm^This suggests that by interacting with the PPARs, 
Stazone initiates the cascade of transcriptional events 
that enhances the rate of adipogenesis 

To determine whether the increased glucose uptake in 
adipocytes in vivo is a direct effect of trogHtazone or a con- 
SuWoof secondary effects brought about by insulin sen- 
Sation, die effects of troglitazone were assessed m the 
isolated 3T3-L1 tissue culture system Apart frorn the en- 
Wced elucose uptake associated with adipocyte difieren- 
SISMr ^ased glucose uptake 2-fold 
fn tSe X This effect was shown to be a direct result of 
« WrLsed synthesis of Glutl transporter mRNA and pro- 
STtSI^-s with pxeviousl/reported result (12), 
which have shown that pioglitazone, another thiazolidinedi- 
one with antidiabetic activity, enhances glucose uptake m 
?T3-442A adipocytes by increasing both Glutl and Glut4 
Shorter mRNA and protein via mRNA stabilization. 
Ho^er this study failed to distinguish between the in- 
SeTses m glucose uptake associated with ^ enhancement 
oHSxKyle differentiation and those resulting from the 
Srect effects of the thiazolidinedione on the adipocyte. By 



Control 5 uM Troglitazone 

Hours 1 48 72 96 120 144 Us 72 96 120 144 ' 0 



Glutl 



Actin 




° Control 

■ 5)iM Troglitazone 




144 



Hours after addition of differentiation media 

Fie 7. TbelevelsofGluttniRNAwereineTeaBedin i«sponse U) 5 #iif 
troglitazone. A KNase protection assay was performed on RNAa col- 
lected at the indicated times from cells treated with or without 5 ft* 
troglitazone. Ten micrograms of RNA per sample were hybridized to 
mouse Glutl and 0-actin probes and processed as described in 
Materials and Methods. Message levels were quantitated using a 
Molecular Dynamics Phosphorlmager, and the values are repre- 
sented as the Giutl/actin ratio. 

controlling for the ratio of acUrx>cytes/pieadipocytes in the 
experiments presented here, the indirect effects of differen- 
tiation by the compound on Glut4 were eliminated, demon- 
strating that troglitazone enhances glucose uptake by in- 
creasing Glutl mRNA and protein levels. Additionally, 
identical experiments with pioglitazone yielded similar re- 
sults (data not shown). 

These results provoke at least two questions. First, can a 
2-fold increase in adipocyte glucose uptake account for the 
decreased hyperglycemia in vivo or must other tissues also be 
affected? Secondly, are the transcriptional responses in- 
volved in differentiation the same as those used in the ex- 
pression of Glutl; do both require (he activation of PPARs by 
the thiazolidinediones? 

Glucose transporter number has been shown to directly 
affect glucose transport and blood glucose levels in animal 
models. Several transgenic mice have been engineered that 
overexpress the glucose transporters in a tissue-specific fash- 
ion (30-34). In general, overexpression of either Glutl or 
Glut4 enhanced glucose transport in the targeted tissue. En- 
hanced transport directly correlated with decreased plasma 
glucose levels in both fasted and fed animals, demonstrating 
that enhanced transporter expression has profound effects on 
glucose disposal in vivo. Surprisingly, however, increased 
Glutl expression in skeletal muscle, and hence increased 
muscle basal transport, resulted in resistance of Glut4 to 
insulin stimulation and various other stimuli, including con- 
traction and hypoxia (32). Additionally, Glut 4 overproduc- 
tion in fat cells did not protect animals from the impaired 
glucose tolerance induced by a high fat diet (34). Thus, al- 
though enhanced transporter synthesis can ameliorate hy- 
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RNaseprot^cUon assays ^^^^{^^JToT adipocytes dif- 

ferentiated ^pk, and message levels were 

oerelvcemia, it does not appear to dkectly influence insulin 
iSnT This would imply that enhanced Glutl syntrtesB 
to SSvL would only represent a portion of troglita- 
SrS^SSbetic activity. Trus is suppor^ by data tnd,- 
Stag that troglitazone influences the metabolic actrvrt** of 

.he^aS^oSshasyettobe fully ^lor^ Dearly, 
Se PPARsaie intimately involved in lipid metabolism in a 
tissues, including adipose and liver, and are re- 
n ^l?LX?pS4owermg effects of the fibric acids (39). 

fcSl*»»3i effects assodated^with thi,- 
r^fonetreamient are similar to those of other PPAR- 
Sva^iSowSng compounds (40). Moreover, as el- 
ZS&d levels have been linked to penpheral tnsuhn 
tSrtancTthe alteration of lipid metabohsm may amehorate 
T^Rtance (41). However, in vitro, thiazolidinediones 
ifSXRe PPAR7 isoform, which is mainly 

(22, 23). Thiazolidinediones have 
Effshown to influence metabolism in liver, pancreas, and 
Stal muscle. If all of these antidiabetic responses are to be 
Sbuted to PPAR activation, all insulin-responsive tissues 
nScSl sufficient levels of this isoforn. Alternatively; 
S^Srfe that the ligand binding specific^ tnvwo differs 
InTtSt n vitro, and/or that the compounds stimulate the 
formation^ds that activate the PPAR isofonns present 
£X£ other tissues. Future studies addressing these issues 
wifSubidfy reveal the role of the PPARs in the antidi- 
^tkactivity of the thiazolidinediones. However, it is clear 



that the regulation of Ghitl transporter synthesis could con- 
tribute to the antidiabetic activity of troglitazone. 
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Whereas adipocytes normally play an important role « a major srte 

S SS^one. a novel antidiabetic agent known to lower plasma 
f P r««! m «l models of diabetes mellitus, on expression of glucose 
SSSSSSot^ GLUT, in 3T3-F442A cells. Treatment of 
fl™^T3-F442A preadipocyte cultures for 7 days with pioglitazone 

„if to lipid-accumulating adipocytes, and such ^adipocytes showed a 
markedly increased capacity for glucose uptake. Analysis of messenger 
^i^nSTencoding GIAJT1 and GLUT4 glucose transporters 
owr the 7-day differentiation period indicated time-dependent .n- 



creases in abundance of each type that were maximal at more than 5- 
fold with the combined presence of insulin and pioglitazone. In accord, 
GLUT1 and GLUT4 protein levels also increased to maximal levels of 
10- fold and 7-fold, respectively, over those in undifferentiated preadi- 
pocytes. Increased messenger RNA half-lives from 2.2 to greater than 
24 h for GLUT1 and from 1.2 to greater than 24 h for GLUT4 correlated 
with this induced adipocyte differentiation. Taken together, these 
findings indicated that pioglitazone markedly enhanced expression of 
cellular glucose transporters, and the mechanism for thiB action was 
mainly stabilization of transporter messenger RNA transcripts. Such 
increased expression of glucose transporters in adipocytes establishes 
the cells in a state active for glucose uptake, thus ultimately facilitating 
storage and metabolism as well. (Endocrinology 133: 352-359, 1993) 



ADIPOSE tissues play a key role in systemic energy 
homeostasis. Adipocytes possess hormonally regulated 
transport and metabolic systems allowing energy storage as 
trielvcerides when nutrients abound or energy release during 
J rational dearth. In accord with this role a recent _report 
indicated that adipose may be responsible for up to 30% of 
whole body glucose metabolism (1). Altered adipocyte func- 
tion has been associated with abnormal physiological states 
including obesities and obesity-linked diabetes (2-4). In non- 
insulin-dependent diabetes mellitus, elevated blood glucose 
levels result from insufficient glucose uptake in adipose and 
muscle, a consequence of insulin resistance (5, 6) 

The hyperglycemia of noninsuhn-dependent diabetes mel- 
litus can be corrected clinically by treatment of patients with 
oral hypoglycemic agents. Whereas presently used sulfonyl- 
urea agents appear to act principally as secretogogues^ to 
increase the availability of insulin to enhance glucose dis- 
nosal (7 8), an alternate treatment strategy could employ 
awnts acting as insulin sensitizers, thus overcoming target 
tissue insulin resistance. New antidiabetic compounds be- 
londnjj to the thiazolidinedione class of drugs appear to 
ower blood glucose in animal models of diabetes by improv- 
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ing insulin sensitivity in peripheral tissues (9). Treatment of 
insulin-resistant fatty rats or mice with the thiazolidinedione 
pioglitazone resulted in lowered blood glucose, triglyceride, 
and insulin levels (10, 11). 

We and others have previously reported that thiazolidi- 
nedione agents enhanced insulin sensitivity for glucose up- 
take and metabolism in adipose tissues of diabetic animals 
(10-13). It has also been found that such agents have potent 
adipogenic effects on preadipocyte cell cultures (14-16). We 
therefore sought to more fully investigate the mechanism 
underlying the effect of pioglitazone to promote adipocyte 
differentiation with the aim of gaining insight into how such 
an effect could contribute to regulation of cellular glucose 
uptake. Findings in our present report indicate that pioglita- 
zone treatment of 3T3-F442A preadipocytes markedly en- 
hances expression of glucose transporters GLUT1 and 
GLUT4, and the mechanism for this action is a stabilization 
of transporter messenger RNA (mRNA) transcripts. 

Materials and Methods 

Cells and tissue culture 

3T3-F442A fibroblasts were grown as monolayer cultures at 37 C in 
an atmosphere of 10% COj-90% air essentially as described previously 
(17). Subcultured cells were grown to confluence (usually 7 days) in 
Dulbecco's Modified Eagle's Medium (DMEM) containing glucose (4.5 
e/L), bovine serum (10%), streptomycin (50 *ig/ml), penicillin (50 U/ 
ml). Fungizone (0.25 *ig/ml), and glutamine (2 mM). Confluent cell 
cultures were then converted to adipocytes by culture for 7 days in 



352 

Downloaded from endo.endojoumals.org on December 23, 2004 



C 



INCREASED GLUCOSE TRANSPORTER EXPRESSION 



353 



DMEM in the presence of 10% fetal calf serum and insulin (1 Kg/ml) 
j / in ine Pi c u differentiation was assessed by evalu- 

lunfcfu tStogy ™d? phase contrast microscopy; ceUs were 
a tmg ceu morpnoiogy numerous lipid drop ets were observed in 
r^asm^U^e w^ dJng theVh to 20th passage 
after clone isolation. 

Measurement of 2-de 0 ^-Df"C]gluco 9 e uptake 

For assay. 3T3-F442A cell monolayers (-10* cells/17 ™m we^ere 
■ fS ZmL , pik and incubated with 0.5 ml assay medium (DMEM, no 
nnsed with PBS and mcu oa« a , y n- W 'piperazine-(2- 

M w l ^kK in was added for an additional 15 min. After this incuba- 
T waTasS ated and cells were rinsed with ice-cold PBS 
™ «K£ Cel£were then solubilized with 0.5 ml 0.5 n 
rToT^ansS neutralized with 52 m1 glacial acetic aad^ 

^un^foSc^ctivity using 5 ml Ready Value scintillation fluid 
(Beckman, Inc., Palo Alto, CA). 

Northern blot analysis of RNA for determination of GLUTl 
and GLUT4 mRNA transcript abundance 
Total RNA was extracted from 3T3-F442* .cell 

££S£f «o "he mefhod of lourney , t ai W "JJgJ 
£npts were cross-linked to the membrane wxth a UV Stratahnker 

(S H&^^rformed using anti-sense RNA Riboprobes pre- 
pared according to the protocol of the reagent suppber (Prornega Corp.. 
En W) For GLUTl, pSPGT-1 (20) was kindly provided by Dr. 
r ™» RpII Chicaeo ID and the entire 1591 base pair coding region 
ofraXaS duSansporter was excised using BglU and subcloned 
• / * £Jn rite of DGEM-4Z. EcoRI was used for linearization, and 
?7 RNA wS^ed for GLUTl Riboprobe transcription. A 
A UT4 eoSct ^M1D2 in the pBluescript KS* (21) was generously 
rfi Birnbaum (Boston, MA) ■ Riboprobe 
EVatioZ this construct was linearized with Hind III, and T7 RNA 
Mlvmerase was used for Riboprobe preparation. 

X**cy hybridizations with Riboprobes were formed by 
65 C wernXScubation of membranes in glass tubes in a Hybaid 
(££& UbnetCo., Woodbridge, NJ) using procedures ^ have 
^ lin ^viouslv (11) After rinses, labeled membranes were exposed 
? T^rCKum-MI MAmersham Corp., Arlington Heights, IL) 
" ■* ! LlS^soeen. Autoradiographic bands on film were quan- 
b densitom^using an AMB1S Optic* Im- 
ntatea Dy n™ samples were quanbtated for 

SStorf J£ SXg differences by densitometry of ethidium 
SSe^UTuS nbosSnal bands (22) on photographic negatives 
(type 55 P/N Him, Polaroid, Cambridge, MA). 

Measurement of GLUTl end GLVT4 mRNA stability 

refluent 3T3-F442A cells were induced to differentiate with insulin, 
Connuent JiJr^ ? g{ ^ 

rt^ronChSne agSt^omycin D (Act D) was added (5 
1^X*J*T^Z\* well as undifferentiated control cultures, 
' rpnorted earlier (23-26). Total RNA was extracted from 

q/ccL trln^eVmRNA abundance data were fitted to a single 
,^£l toav curve by nonlinear least square regression analysis, 
exponent,* decay ^ arrve oy used t0 ca |culate the mRNA 

?, e f ?£^5^SuSSft.t Art D may have nonspecific effects 
jToSE-nli (24)- glucose'transporter mRNA ha 1- 
£ were based on changes in mRNA abundance over only 
the first 6 h of Act D treatment. 



Western blot analysis of glucose transporter protons 

Total particulate membrane proteins were prepared as previously 
described (27). Briefly, cells were washed with PBS and scraped into 
homoeenwation buffer 120 mM Tris-HCI, 255 mw sucrose, 1 irw EDTA, 
1 mM phenylmethyl sulfonylfluoride, lO U/ml Trasylol] and were 
homogenized with 10 pulses by a Tekmar Tissuemizei (Tekmar Inc., 
Cincinnati, OH). A total membrane fraction was prepared by centrifu- 
gation of the homogenate at 200,000 X g at 4 C. Protein concentrations 
were determined by the Bradford assay (28) using BSA as a standard. 
Initial Western blot analyses Tevealed diffuse bands of GLUTl and 
GLUT4 proteins, possibly due to heterogenous glycosylation of the 
transport proteins. Therefore, samples were routinely treated with pep- 
tide N-glycosidase F (1 U/100 it% protein) in a buffer containing 20 mM 
sodium phosphate, pH 7.5, 10 mM EDTA, 1.796 Triton X-100, and 1 mM 
phenylmethyl sulfonylfluoride for 48-72 h at 37 C to remove sugar 
residues (23). Treated protein samples were then mixed with one fourth 
volume of 4X electrophoretic sample buffer [200 mM Tris-HCI at pH 
6 8, 400 him dithiothreitol, 8% sodium dodecyl sulfate, 40% glycerol, 
0.4% bromophenol blue] and stored at -20 C. Samples were thawed 
and loaded in parallel onto two discontinuous 12% polyacrylamide gels, 
and size-fractionated according to the method of Laemmli (29) using a 
Mini-Protean II Dual Slab Cell (Bio-Rad, Richmond, CA), The amount 
of protein loaded (10 tt%/\sne for GLUTl and 60 fig/lane for GLUM) 
was determined empirically to be within the linear response range for 
the system used. Proteins separated on each gel were electrophoretically 
transferred to Immobilon PVDF membranes (Millipore Corp., Bedford, 
MA) using a Mini-Transblot electrophoretic transfer cell (Bio-Rad). One 
membrane was stained for total protein (0.1% Coomassie R-250, 40% 
methanol, 10% acetic acid). The second membrane was imrnunostained 
for GLUTl or GLUT4 using a double antibody system and the Immuno- 
Blot Assay Kit (Bio-Rad). The supplier's instructions were followed 
except 5 % BSA was used for membrane blocking. The primary antibodies 
(RaCLUTRANS for GLUTl and RalRGT for GLUM, East Acres Biolog- 
icals, Southbridge, MA) were diluted 1:3000 and 1:2000, respectively, 
and the alkaline phosphatase-conjugated second antibody (GAR-AP, 
Bio-Rad) was diluted 1:3000 for use. Resulting signals were quantitated 
with the reflective mode of a Model 620 Video Densitometer (Bio-Rad). 
Sample loading corrections were made based on densitometry data from 
the Coomassie-stained membrane. 

Data analysis 

Statistical analysis was performed using SAS version 6 (SAS Institute, 
Inc., Cary, NQ. All hypothesis tests were two-sided and were considered 
significant if the P value was less than or equal to 0.05. 



Results 

Induction of preadipocyte differentiation and glucose transport 
by insulin and pioglitazone 

Treatment of confluent 3T3-F442A cells for 7 days with 
insulin (1 Mg/ml), pioglitzone (1 ^m), or both agents in the 
presence of 10% fetal calf serum resulted in conversion of 
cells into lipid-accumulatjng adipocytes. Whereas some cells 
differentiated into adipocytes by either treatment alone (in- 
sulin, 60%; pioglitazone, 80%), nearly complete differentia- 
tion (95%) was achieved with both agents together. Such 
cellular differentiation was associated with markedly in- 
creased capacity for glucose transport. Treatment of 3T3- 
F442A cells for 7 days with insulin or pioglitazone resulted 
in basal glucose transport levels that were 22- and 30-fold 
increased compared to untreated fibroblasts (Table 1). To- 
gether, both agents appeared to act additively for a maximal 
enhancement of 61 -fold at day 7. Age-matched, undiffer- 
entiated cells maintained in growth medium showed no 
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ABLE 1. P and I-induced increases in glucose transport activity 
, differentiating 3T3-F442a Cells 



Cell treatment 



Glucose uptake 
(dpnt/cell * SEM) 



Control, day 0 
Control, day 7 
Insulin 
Pioglitazone 
Insulin -t pioglitazone 



0.0030*0.00007 
0.0013 ± 0.00031 
0.0670 ±0.0076 
0.0887 ±0.015 
0.1830 ± 0.037 



Confluent monolayer cultures of preadUpocytea in DMBM (day 0) 

. , • t „ differentiate by treatment with insulin and/or piogu- 

r^P-d^^T-B^tained for 7 day* in J^MEM wit^ut 
,dded insulin and/or pioglitazone also served as ^^f.^^. 

fnr 7 ja VS ducose transport actvity was measured by uptake of 
£££ bribed in Materia and Method*. Since 
^aX2S Kse has a specific activity of 300 m Ci/mmoUhere 
^ i Sf/dpm. Thus, maximal basal transport was approximately 0.3 
fmo l/ C ell for cells differentiated in medium containing insuhn and 
pioglitazone. 

increase in glucose transport over the 7-day interval, and 
actually declined about 60%, likely an indication of quies- 
cence. 

Insulin- and pioglitazone -enhanced expression of glucose 
transporters in 3T3-F442A cells 

To assess whether such increased glucose transport activity 
could be explained by amplified expression of glucose trans- 
porters in adipocytes, we analyzed the levels of GLUTl and 
GLUT4 mRNA abundance. When assessed by Northern blot- 
ting, the abundance of mRNA transcripts encoding GLUTl 
and GLUT4 glucose transporters increased in a time-depend- 
ent manner (Figs. 1, 2). Whereas 7-day treatment with either 
insulin (1 ,«/trtl) or pioglitazone (1 m) increased GLUTl 
Sa abundance by 2.3- and 1 5 -fold, respect vely, above 
the level in undifferentiated cells (day 0), insulin and pio- 
glitazone together acted synergistic^ to increase this 
meSge by almost 6-fold (Fig. 1). GLUTl mRNA levels 
did not change in age-matched undifferentiated cells main- 
tained in growth medium over the same interval. In confrast 
to the observed synergistic treatment effects on GLUTl 
mRNA levels, GLUT4 mRNA abundance was increased to 
similar levels above undifferentiated ceils (day 0) reaching 
3 8- 4 6- and 5.2-fold elevation by respective treatments for 
7 davs with insulin, pioglitazone, or both (Fig. 2). Whereas 
these values for GLUT4 mRNA abundance reflected an 
overall increase at day 7, a small decline was observed at 
this time point in some experiments with combined treatment 
bv insuluV and pioglitazone (Eg. 2, lower). Such results 
indicate that some down-regulation may occur in the final 
differentiated state. 

These changes in GLUT1 and GLUT4 glucose transporter 
mRNA levels were accompanied by changes in levels of the 
encoded transporter proteins as determined by Western blot- 
tine. Whereas either insulin or pioglitazone treatment ap- 
peared to increase GLUTl protein levels on day 7 of differ- 
imrjation by 2.3- and 3.5-fold respectively, the agents to- 
gether seemed to act synergistically to increase protein levels 
bv almost 10-fold above those of age-matched undifferen- 
tiated cells (Fig. 3). In contrast to the observed synergistic 
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FlG. 1. Effect of insulin and pioglitazone treatment on GLUTl mRNA 
abundance. Upper, Time-dependent increases in abundance of GLUTl 
mRNA during differentiation of 3T3-F442A cells induced by insulin 
(INS), pioglitazone (PIO), or both. Cells were seeded, grown to conflu- 
ence, and differentiated as described in Materials and Methods. Un- 
treated age-matched fibroblasts maintained in DMEM containing only 
10% calf serum were used as control (CS). Total UNA was isolated at 
indicated time points, and samples (10 pg/lane) were electropboreti- 
cally size-fractionated on agarose gels. Northern blots were hybridized 
to Riboprobes specific for rat GLUTl roRNA. Autoradiographic bands 
were quantitated by densitometry and normalized for minor loading 
differences as described in Materials and Methods. Data represent mean 
values for n - 5-6 determinations. A three factor analysis of variance 
(ANOVA; insulin, pioglitazone, time) with interactions showed a sig- 
nificant effect on GLUTl mRNA abundance from combined treatment 
with I and P (P < 0.001). Lower, Representative Northern blotshowtng 
GLUTl mRNA abundance in control (CS) and treated (INS, PIO. I + 
P) cells on day 7 of differentiation. 

effect on GLUTl protein, GLUT4 protein levels increased by 
about 2.2-, 6.6-, and 4-fold by insulin, pioglitazone, or both, 
respectively (Fig. 4). 

Increased stability of glucose transporter messages 

We next investigated possible effects of insulin and piog- 
litazone on the stability of GLUTl and GLUT4 rnRNAs. 
Fibroblast 3T3-F442A cells were induced to differentiate by 
treatment with insulin (1 /ig/ml), pioglitazone (1 mm), or both 
for 7 days. The transcription inhibiting agent, Act D (5 ng/ 
ml), was' added to differentiated cells on day 7 or to undif- 
ferentiated control cells just before such cells reached conflu- 
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3.0 kb 



i r inner Time-dependent increases in GLUT4 mRNA attun- 

abundance. U/^r l ^e-«p^ differentiation. Cells were grown w 
dance m 3T3 ^ 4 ^^ U l^ S th e presence of insulin (INS), piogli- 
rfU ^ ^ IwS i r O « WW in Materials and 
tawne (P O), or both (1^ +^ maintained in DMEM 

0X0% XsX ^« -ed a* control (CS). Total RN A 
contauimgonly 10% <»u prepam i as described for Fig. 1, and 

^tTVS^^LSLt .audiographs was done as de- 
J i wtSflnri Methods, Data represent mean values for n = 
scribed » M^"f£ e ^ ANOVA (insulin ,pk>eliu«one,tim«) 
5-6 determination*. A three GLUT4 mRNA abim- 

iD C ° ntrtl <CS) trMted UNS ' 
PIO 1 T P) cells on day 7 of different^™. 

ence and total RNA was extracted from cells at indicated 
Sr2s after addition of the transcription inhibitor (0, 1, 2, 4, 

mere was . mRNA transcripts for each of the 

SSST^pSrSS. was assessed on tfarjem blots 
Jlrinn of 3T3-F442A cells increased the GLUT1 
^TXetmlZut 2.2 h in control undifferentiated 
^ « to about 5 7, 3.6, and greater than 24 h in adipocytes 
by treatment with insulin, VW**™ «J 
both respectively (Fig. 5, Table 2). The stabilization of 
^m^nRNA appeared to account for correspondmg in- 
cases hf GLUTl mRNA abundance. Similarly, GLUT4 




INS PIO 
TtaaimMt 



GLUT1 Protein 



49,500- 
32,500- 




-41,000 



M CS INS PIO l+P 

Pig 3 Effect of insulin and pioglitazone treatments on GLUTl pro- 
tein abundance, t/pper, Increased GLUT1 protein abundance on dif- 
ferentiation of 3T3-F442A cells. Confluent 3T3-F442A cells were dif- 
ferentiated with 1 (INS), P (PIO), or both (INS + PIO) as desenbedm 
Materials and Methods. On day 7, cellular membranes were isolated 
from undifferentiated (CS) or differentiated (INS-, PIO-, or INS + 
PlO-treated) cells, and protein (10 ^e/lane) was elw^horeaed and 
immunoblotted for GLUTl detection using the rabbit anti-GLUTl 
primary antibody (see Material* and Methods). Resulting colorunetnc- 
aUv stained bands were quanUtated by densitometry and normalized 
for minor loading differences. Data are expressed as percent of control 
and represent mean values ± SEM for n - 8 cktermiiuttana. With 
background subtraction, the mean basal value was 0.20 ± 0.06 arbitrary 
density units. Two factor ANOVA showed significant 
GLUTl protein by INS (P = 0.014), PIO <P - 0.015), and INS + PIO 
(P < 0 0001) Lower, Representative immunoblot showing expression 
of GLUTl protein in selected samples from control (CS) and treated 
(INS PIO I + P) cells on day 7 of differentiation. Molecular weight 
markers are indicated in lane M; the GLUTl band ran as M, - 41,000. 

mRNA half-life increased from about 1.2 h in undifferen- 
tiated control cells to about 14.2, 10.3, and greater than 24 
h in cells differentiated with insulin, pioglitazone, or both, 
respectively (Fig. 5, Table 2). Again, GLUT4 mRNA stabili- 
zation appeared to account for observed increases in mRNA 

abundance. . 

As shown in Fig. 6, we were able to quanhtate differential 
expression of transporter messages in cells undergoing dif- 
ferent treatments by differentially exposing the Northern 
blots to film. This allowed calculation of message half-lives 
even when transcripts were present only at relatively low 
levels. 

Discussion 

Pioglitazone, 5-[4-(2-(5-ethyl-pyridyl)ethoxy]-2,4-thiazo- 
lidinedione, is an antidiabetic agent that has been shown to 
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„_ t „„. , : na ,\\ n and pioditazone treatments on GLUT4 pro- 
FlG. 4 Effect o .^^",^^4 protein levels on differentia- 
™ Cell culture, treatment conations, prouin 

won of 3T3-* Wo| . analyses were performed as described in 

«tra<^oi^fmdW«ternmota y* wwl ^ loaded for 

Fig. S le^rA e,« P t g»t ^ LUT4 primary antibody. Data are 
detection usm* the d represent mean ± SEM for n - 10 

determuvaUoM- ^"'^Sty unit*. Two factor ANOVA showed 
™ 0.57 ± 0.U INS (P - 0.015). PIO (F - 0.007), 

significant eflecw °" O 0003). Lou**-. Representative immunoblot 
*i? d ^ tJ TsSi fj.SST4 protein in 7 day-treated (INS, PIO, 
Bhow^ increased levew^ ^ (Gg) ^ GLUT* protein 
1 + P) compared ^^^^^^ Mr of 46.000. In control ceUs 

secondary antibody. 

ameliorate hyperglycemia in animal models of noninsulin- 
detSndent d\E melHtus (10, 11, 30). The purpose of our 
depenaen cellular action mechanisms un- 

Sg^iS^ effects of pioglitazone. Our prior 
derlymg h h ant j d iabetic agent pmgtitazone 

2SS r£S? aSrator of adipocyte differentiation of 

™* was evidenced by our den r stra ~ 

SnfhVt treatment of fibroblast-like preadipocytes with piog- 
mazone W^P«*» of fa.-specific genes along with 
° the morphological appearance of hpid-accu- 

"Td^dtSteTSi concomitant increases in triglycer- 
JSSSS 04). I" the present study, we showed that 
uchS^one-treated cells showed an mcreased capacity 
o -glucose uptake, with associated mcreases m GLUT1 and 
rLuT^oteins. We further measured mcreased levels of 
mRNlA transcripts encoding these glucose transporters, and 
f A?H2e increases corresponded with markedly en- 
Sed , b^'th GLUrTand GLUT4 mRNA mes- 
Such incased expression of glucose transpor ers m 

me ceiis in & state active % 
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2 4 e a to 

Hour* alter Aettnomirein O Addition 
OLUT4 mUNA Stability 



<= 
• 




Hour* aliar AcUnomyeln D Addition 

FfG 5 t'ppw. Enhanced GLUT1 mRNA stability associated with 
treatment of 3T3-P442A cells with insulin (INS), pioglitawme (PIO), 
or both (l+P). Louxr. Enhanced GL.UT4 mRNA stability associated 
with treatment of 3T3-F442A cells with I. P, or both. Confluent 3T3- 
F442A cell* were differentiated with INS, PIO, or 1 + P for 7 days as 
described in Material* and Methods. On day 7 of treatment. A ct D (5 
ue/ml) was added to differentiated (INS. PIO, 1 + P) arid undifferen- 
tiated fCS) control cells, and total RNA was extracted from cells at 
indicated time points (0. t, 2, 4.6. and 24 h). Abundance of mRNA was 
assessed by Northern blotting analysis as described earlier. Data are 
expressed as percent of m RNA remainingafter Act D treatment relative 
t» the levels before the treatment time 0. Each data point represents a 
mean value for n *= 2 determinations. Calculated mRNA half-lives are 
shown in Table 2. 



uptake, thus ultimately facilitating glucose storage and me- 
tabolism as well. „ 

Results of our present study showed that the differentia- 
tion of 3T3-F442A cells by treatment with insulin and piog- 
litazone was accompanied by strikingly increased capacity 
for basal glucose transport (i6Q-fold) compared to that for 
fibroblast-like preadipocytes. Facilitated diffusion of glucose 
across the plasma membrane of adipocytes is known to be 
mediated by two glucose transporter proteins, i.e. GLUT1 
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A. RLE 2 Calculated mRNA half- lives in undifferentiated and 
nVrentiated ST3-P442A cell* 



mRNAhalMifc (h> 



Treatment 


OS 


INS 


PIO 


INS + PIO 


Transporter 
GLUT1 
GLUT4 


2.2 
1.2 


S.7 
H.3 


3.6 
10.3 


>24 
>24 



Data fcom U* """"^XnSim b, nonlinear tea* aqu»« 

xTcakutat* the mRNA half-lu*. 

GLUT1 mRNA Stability 



CS 



INS 



PIO 



l+P 




6 24 



Hours after Actinomycin D Addition 

* ^ „j;„„<,nhs of Northern blots probed for GLUT: mRNA 
Fl °- 6 " ^ U „S D^reaunent. Experimental samples were 
iran8 cnpt rt«ndu^ after u ^ ^ 

prepared aa ^f^^fhe time 0 INS, where only a single sample 
imental pomtt* ■ «^^£u£t> the radiolabeled blot were 40, 18, 
is sho wn H° u " 0 ([fp^riNS + PIO. respectively. Some films 
t^^^S^^L^ for detection of .ow level ^script*. 

a f~i i FT4 f31) Multiple mechanisms exist by which hor- 
n S a^ other factors control the rate of cellular glucose 
S transporters. These include the rapid trans- 
Stn of preexisting transporters from an mtracellular pool 
Se plasma membrane, modulation of the mtnns.c activity 
2 oreexisring plasma membrane glucose transporters and 
SmuUtion of the synthesis of new transporters 32). We 
Sv observed increased transporter syntheses, s.nce our 
demonstrated increases in the ex P ress.on of both 
Sim and GLUT4 transporters on mRNA and protetn 



levels (5- to 10-fold maximal enhancement for each). These 
results are in agreement with previous studies in which 
GLUT1 and GLUT4 mRNA and protein levels were shown 
to increase during differentiation of 3T3 preadipose cells (27, 
33). Our observed increase in glucose transporter activity 
appeared to be somewhat greater in proportion than the 
combined increases in the synthesis of the two transporter 
proteins. This observation indicated that another mechanism, 
such as increased intrinsic activity of transporters, may also 
contribute to the effect. Such regulation of intrinsic trans- 
porter activity has previously been reported (34, 35). Inhibi- 
tion of 3T3-L1 adipocyte protein synthesis by anisomycm, 
for instance, appeared to stimulate glucose transport primar- 
ily by enhancing the intrinsic catalytic activity of cell surface 
GLUT1, and to a lesser extent GLUT4 proteins (34). Further, 
treatment of 3T3-LI preadipocytes with tumor necrosis fac- 
tor-a reportedly increased glucose transport and GLUT! 
transporter intrinsic activity (35). Alternatively, it is possible 
that the apparent difference in glucose transport activity and 
glucose transporter protein levels may be a consequence of 
our presentation of data as fold-enhancement relative to low 
level controls. As such, we may have some differences in 
detection sensitivity rather than absolute differences in the 
magnitude of changes. 

Increased mRN A abundance can be attributed to enhanced 
RNA transcription and/or increased message stability. It was 
previously established that increases in the steady state level 
of several mRNAs during differentiation were accompanied 
by activation of specific gene transcription (36-39). This was 
particularly shown for mRNAs whose abundance was in- 
creased markedly (20- to 100-fold) during differentiation, 
including the aP2 and glycerophosphate dehydrogenase 
genes (36). The same report showed no significant changes 
in the rates of transcription of mRNAs for which abundance 
was more moderately altered (2- to 4 -fold) during differen- 
tiation, such as those encoding fructose- 1,6-biphosphate, 0- 
actin, and j3-tubulin (36). In any case, most adipocyte mRNAs 
were far more abundant than would be predicted by their 
increased nuclear transcription rates. When increases in 
steady state mRNA levels cannot be attributed to changes in 
transcription, other levels of control such as mRNA stability 
likely contribute to the relative abundance of mRNAs during 
adipocyte differentiation. Since we observed moderate in- 
creases in GLUT1 and GLUT4 mRNA abundance (about 5- 
fold) with adipocyte differentiation, we compared mRNA 
half-lives in undifferentiated and differentiated cells using 
Act D (a rranscription inhibitor) chase experiments. Differ- 
entiation of 3T3-F442A cells by insulin and/or pioglitazone 
dramatically increased the mRNA half-lives for GLUT1 and 
GLUT4 above their values in undifferentiated cells, i.e. from 
1-2 h up to greater than 24 h. Such stabilization of these 
mRNAs with adipocyte differentiation correlated well with 
increases in the mRNA steady state levels. It is interesting to 
note that Actinomycin D itself has been reported in a few 
instances to have mRNA stabilizing effects (40^42). It would 
therefore be possible to extend our observations by conduct- 
ing experiments using different transcription inhibitors such 
as 5,6-dichloro-l-^-D-ribofuranosylbenzimidazole or thiolu- 
tin, or using a different method such as [ 3 HHiridine pulse to 
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A( V messaee stability. However, our observed dramatic 
S2L£ta the stability of transcripts encoding glucose trans- 
adraocvtes versus fibroblasts seems hkely to re- 
Sho^S may be some differences in the absolute 

SMn«1epresent the first study that directly associ- 
«Tncre«ef steady state mRNA levels during adipocyte 
S e Stion with increased mRNA stabUny. Th* process 
is however, predicted earlier based on observed mcreases 
^RNTteanscript levels that could not be explained by 
^gTnrrranscripHon (36-38). Regulation of mRNA 
SStTin such cells has, in fact, been reported for other 
Treatment of 3T3-F442A mature adipocytes with 
£££?S52£. specifically decreased the adipsin 
A level (43) For such studies, the rate of adipsin gene 
Option regained unchanged, whereas the half-life of 
j' vimHNA was ereatly shortened in retinoic acid-treated 
l ^Ss l ~mp?rll lith untreated cells (37.6-7.3 h). 
ffl "ampSheinducnonof GLUT1, as well as other 
SU-early growth-related protooncogenes, in 3T3-L1 
Ooblasts by treatoent with tumor necrosis factor-* (26 35) 
IS 8 bromo-cAMP (44). Whereas transcriptional activation 
T^mXeSarly genes correlated well with subsequent 

mRNA was due to an apparent increase in the stability of 
5£m message (45 min to several hours) without changes m 
PiSSta- Another study showed that increased 
GLUT1 mRNA abundance by chronic exposure of L6 myo- 
cytes to insulin was due to increased transcription as well as 

response to biological and pharmacological stimuli has been 
as antaportant posttranscriptional step for reg- 
ulatiK gene expression (46-49). Despite that, the mech- 
™* underlvinE such processes, including the signals that 

Sents of the RNA that are recognized by degradahve 
erSmes or stabilization factors, as well as the enzymes or 
oSeTrrflHS-acting factors themselves, are largely unknown 
?46 49-52). interestingly, a recent report indicated that the 
V untranslated region of GLUT1 mRNA contains a single 
L'rS, of the destabUizing AUUUA motif in the context of an 
AUricn retiZ (26). The stability of GLUT1 mRNA was 
found to be partially controlled by its interaction with a 
Sience-spedfic mRNA binding protein the adenosine- 
Sne binding factor which was speculated to mediate 
nSSlA stSiliiion by blocking the AU-destabil^ng m0 bis 
SeV We therefore propose that increasing mRNA abundance 
during differentiation by increasing message stability pre- 
lT* n interesting phenomenon awaiting further examina- 
Ho?rXr e flor£ should be particularly directed toward 
Stirying common mRNA sequences that may function as 
S£g elements in the differentiation-induced mRNAs 
as well as identifying their regulatory binding proteins. 
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^. ^ * «*«» vanadium ligand L-Glu(y)HXM po- 
We report that vanamum B ionB to activate 
tentiates the capacity ^ free £^ ^ rat adipo . 
glucose uptake and glucoses blood lu cose 

lytes m vitro ^l^f^jXvivo (by 5-7-fbld). A mo- 
levels m ^^S^S molecules to one vanadium 
lar ratio of ^^.^jnUke other vanadium Ugands 
ion was ^^^JiSnomimetic actions of vana- 
that P°^ a ^ pa Sly activated lipogeneais inrat 
dium, L-Glu(r)HXMP^^ l y mWB vanadium. This 
adipocytes in ^J^JEK Jy ivGlu(7>HXM. At 10-20 W 
effect wasnot man*** ^ activated 9-21%. This ef- 
L .Glu(r)HXM, U J^^ f oldSer (140 ± 15* of max- 
fect was a PP r ^^f ^ adipocytes derived from rats 
imal insuUn *^™*> ™ tHanaai urn for several days, 
that had been treated^ 1 w ^Glu( 7 )HXM led to a 
Titration of «£?S«rlSce«r vana dium(IV) at 765 
^d-V^s^^opy revealed that the cham- 
ran, and v jxiymv o 'Klfjm t -490 ppra disappeared with 

the appearaiice of * add ing one equivalent of 

um(V) ^PPJ^^^Glu^HXM is highly active 
l-G1u(t>HXM. In ^"^'^vatid glucose metabolism 

in ^* nd '"^° &e absence of exogenous vanadium 
in rat adipocyte^ m the trace intracellular va- 

probably ^^tSomimetic compound. We 
M dium ""SK species is either a 1:1 or 2:1 
propose that the *°^ e J^ leJE m which the endoge- 
L -Glu(r)HXM ^ lU ^^ n altered to vanadium(V). 
nous v»madium(rV) ^ ^ t-Glu(y)HXM- and 

W*£k£KS5*»* lipogeneais is arreted 
^Glu(r)HXM-yanaai™« vat ion of glucose uptake in 
by "ort^tX^T^sncJtnns location of 
S^Tlow^aX microsomes to the plasma 
membrane. 



• 4. j; m w e been carried out during the last two 
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nadium salts mimic most of the effects of insulin on the main 
target tissues of the hormone in vitro and also mduce normo- 
Iwemia and improve glucose homeostasis minsulm-deficient 
(6-7) and insulin-resistant diabetic rodents m vwo (5-8) On 
the basic research frontier, data continue to accumulate show- 
tt Sv^aSum salts manifest their insubn-Uke metobohc 
effects through alternative pathways not involving insulin re- 
ceptor tyrosine kinase activation or phosphorylaUon of insulin 
™tor^ubstrate 1 (9-19)- The key events of this backup 
svstem appear to involve inhibition of protem-phosphotyrosine 
phosphataseTand activation of nonreceptor protem-tyrosine 

k ^anad^ 2 sdts are seriously considered as a possible treat- 
ments diabetes, and several clinical studies have already 
^n performed. In those studies, because of its toxicrty only 
^ TseTof vanadium (2 mg/kg/day) were used. Although 
- 20-fold lower than doses used in most animal stud^s several 
beneficial effects were observed and documented (24-26). Any 
manipulation to elevate the uaunnomimetic efficacy of vana- 
dium without increasing its toxicity is d major chi^ interest 
for the future care of diabetes (reviewed in Ref. 27). 

Oreanically chelated vanadium compounds such as 
vanadium-acetylacetonate and vanadium.RL-252/ are more 
potent than free vanadium in facilitating msuhn-Uke effects in 
^ adipocytes (28, 29). Similarly, chelated vanadium com- 
poundsVuch as bis(maltolato)oxovanadium and bistpicohna- 
to>oxovanadium are more effective than free vanadium m re- 
Schtdating glucose leveUmhyr^lycemicstreptozccin- 
treated rats (30-33). , , 

Tn the wake of these findings, we have conbnued our search 
for more effective vanadium binding agents Of special interest 
? us were vanadium chelators that synergize ^ vanadium 
bothw vivo U.e. in streptozocin rate) and in vitro (i.e. in isolated 
«t aSicytes) and therefore enable us to gain inaght into tiie 
bali n^echantem(s) by which such compounds potentate the 
Sukomimetic activity of vanadium Specifically , we >ave 
studied hydroxamic acid derivatives. These compounds are m- 
voWinTe^icrobial transport of iron and axe therefore 
appUed therapeutically in conditions of iron deficiency (34^ 
Theyare also inhibitors of urease activity and have been used 
in the treatment of hepatic coma. Monoamino aad hydroxam- 
ates are simple, nontoxic derivatives of ammo acids ^fP^ 
fi-hydroxamate was shown to have anUtumoral activity on 
muri ne leukemia L5178Y, both in vitro and m mm, and is 
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xThe abbreviations used are: RL-252, KCSW^C- CI^WC^-CO- 
TvIH^fiBuyCONOHCI^lJ; H3.u(7)HXM, glutamic aod ymonohy- 
S2! ? GLOT4, ftSi. transporter 4; PM. plasrna membranes; 
tSSn^'deniily microsomes; BSA, bovine serum albumin; VOCL* 
vanadyl dichloride; NaVO s . sodium metavanadate. 
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• tbe Upogenic edacity of vanadium^ follow^ the addition ^^^^^^T^^ 
Fig. 1. grease m th e ^^Xuspended in KEB buffer^ ^^fl^Sniented with (U-»C]glu«»e, and 



• ™n«t Friend leukemia cells in wfro as well (35). 
active against rnena - „ 10 in culture and 

anoma in otdo (35, 36). 

EXPERIMENTAL PROCEDURES 
itt wrlrfucose and 2-deoxy-D-[G- a HlelucQse were pur- 
««ff:S fe ° ^^Cucte^Uagenase type I UWunxW 
chased from NENLvfeS«no^ p^w, insulin was purchased 
mg) was obtained from ^ 2-deaxygl"a«>. i^utamic 

from EH tally Co. add^ohydrcxamate, glycine hy- 

described earlier (28). 




this study w ^ | ^£^ a ttes was induced by a singe intra- 
Strept^ocm-treaUd^-'^ of strep tozocin (55 mg/kg 

venoasinje^onofa fi^Hy^rsparea ^ (g) ^ ^ rf ^ 

l-GIwtu**^™™** „r jubetea by streptozocin. 
8 days after .nducUonof / J ipocyte8 were prepared from 

Ge» ftW*«tt«V 030-15° collagenase diction 
the fat pads of raa ^ s *fIX U (3 7). Cell preparations showed more 
according to £.™*££^eLii*« at least 3 h after digestion, 
than 95% viability ^TSSm bribed in figure legends. Glucose 



and lipogenesis (the incorporation of Unlabeled gluaw into lipids) 
. ^fj^accordine to Moody et at (39). Briefly, freshly prepared 
"Ta^^w^t^dedVKKBH, 0.7% BSA divided 

Zl St plastic^. Each vial contained 

mm win. cvio» cells) These were incubated for 2 hat 37 -i, 

assay contained vials with and without 17 nM u»uhn and the 
vartuS ^pounds. Lipogenesis was tenniaated by addmg toluene- 
bTeTscmtiSfluid, and the extracted lipids were counted (39). 
„ 1 ZLd as a nercent of maximal insulin response. Only 

Z£& S^SSSSS mai (100*) response <U 
Allassays were performed in duplicate or triplicate 

fJSSSuiotion ^i^^poc^^- Adipocytes prepared from 
iweek^d rats were incubated with and without insulin and with 
fTShfflOCM alone and completed with vanadate as specified in the 
We S7wT *en homogenized and fractionated to low densx^r 
figure. (LDM) and plasma membrane (PM) fractions by 

M ^Mos?iSr ana^munob^ed with anti-GLUT* antisera 
^^tuatLtion was performed by phosphoimaging. The relative 
mLS rf bands corresponding to GLUT* was quanftated usmg 

^^Sspect^sco^The "V NMR spectra were recorded on a 
200-Jffl Z Bruter WPS4 (4.7D spectrometer. Spectrum wmth of 16,000 
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P,, 2 . Station oi - iSJKSKtt^ 
L -Glu(y>HXM to v^W. Fresh* p&T^ tt tainu^0.7% BSA 
10° cells/ml) "Upended L^^hT^cated concentrations of 1:1 to 
^P^^^^^TSTSiSyS to NaVO s or with free 
3:1 mo1 ^ "^^.(vlffiMThe cells were then supplemented 
NaVO a (V) and free ^ u „ performed for 2 h at 37 *C. 

with ["-"Clgluws^^^po^ne^^ f*^™™ then determined. 

L n4 Sr=ed^ the presence of 17 n« 

VOCla (-490 PP m) - 

RESULTS 

"^rl 'SS « tSSSri - 10-20 min with 
iments, rat adipocyw we™ vanadate (10-30 fiM), 

"STESi ao n 3o^) or an e^S2 combination^ 
^Cctpad* * Svate Uresis relative * insuhn 

highly synergistic- For ^ g ^ % respectively, 

^nTmaSmaf £S£Z£Z * 20 ^ the extent 
4% activation of *a»mal insuun j» ^ at 30 ^, 

of lipogenes* was 37 * ^3 20 3,^ ^ 

it was 42 ± 4 \S.-^ r a "; o 1 hosphatidy li M sitol 3-kinase, fully 
(100 .nn> . an inmbjor "^f^J^ ,,Glu<r>HXM, and 
blocked the activating f^t! (X 1 rikf cafaunn.). Thus 

VSnKeCit ^^ations reached a level that is 
EllJmJrf Sat achteved by saturating concentrations of 
about 14U"» oi of sienificant interest to us was 

even m . . ^ ^ connection with Fig. 6. 

TVTHSI-S * rat adipocytes was evaluated at a 
In Fig. Z, U P°8^° of vanadate (5 pn) with increasing 

^ vanadate or >-*^H*L 0 + 3 % w hen they were given in 
eff tla U t£ 37^££^<* 1:1)^ 2:1 and 3:1 
SSSStSniS ^ stoichiometry hpogenesu ■ _ 
pandedto43 and 57%. respectively, of maximal response. Thus 




NaVO 3 (20(jM) + . - + 

L-GluCY)HXM (40 (iM) - + + 

Fig. 3. Potentiation of «P^^.^r)™~^« 
ra.« A^iiMcvtes (2 x 10" cells/ml) suspended in KRBH buffer containing 
miit^^^d^P^^^ absence of insulin (17 nM), 

^nX^Sou^AHquats (70 ^>were 
containing a^to»ry*-l6-»Hlgluc«e (0.1 mM final concenbratoon). Rdoretw 
^n^asS after 3 inin for transport termination. Ibis was followed 
by centrifugatinn of aKipwts uirougb a suicorje layer. 

a substantial synergistic effect is obtained at a 1:1 molar ratio 
and is increased further at a 2:1 molar stoichiometry and even 
higher, though much less pronounced, at a 3:1 molar ratio 
(Fic 2) 

L ^Glu(y)HXM Potentiates Vanadate-evoked Glucose Up- 
take—Fig. 3 shows activation of 2-deoxyglucose uptake by low 
concentrations of vanadate (20 >im), l-G1u( 7 )HXM (40 pi<), and 
by the 21 molar combination, of them. 2-Deoxyglueose under- 
goes insulin- or vanadate-evoked influx into the cell via the 
same transporters as glucose and is phosphorylated m situ to 
2-deoxyglucose 6-phosphate with no further metabolism (42, 
43). Therefore, this measurement reflects an effect on glucose 
entry into the cell in a manner largely independent of the 
metabolism of the endogenous saccharide. Vanadate (20 jim) 
and L-Glu( 7 )HXM (40 ,iM> affected 2-deoxyglucose uptake of 
7 * o 7 and 31 £ 4% of maximal insulin effect, respectively. 
Together they caused 2-deoxyglucose uptake 117 ± 9% of max- 
imal insulin response (Fig. 3). ,„„,„ , „ , , . 

L-Glu(y)HXM Alone and L-GlutyWOf-Vanadate Lead to 
Translocation of GLUT4 from LDM to PM Fractnns ,n fio* 
Adipocytes-Incubation of rat adipocytes with ^Glu( 7 )HXM 
and L-Glu( 7 )HXM-vanadate led to a decrease m the content of 
GLUT4 in the LDM fraction and an increase in the PM fraction 
(Fie 4) The decrease in GLTJT4 content in the low density 
lipoprotein fraction amounted to 32 a 3, 3 £ 1, and 68 i 5% of 
maximal insulin response upon incubating the cells with 
L-Glu(y)HXM (40 /im), vanadate (20 jim, not shown), and the 
combination, respectively (calculated from Fig- 4) Under sim- 
ilar experimental conditions, L-Glu(y)HXM, vanadate, and the 
combination activated 2-deoxyglucose uptake to an extent of 
31 + 4 7 + 0 7 and 117 ± 9% of maximal insuhn response (Fig. 
3) sueeesting'a contributing effect of the complex to glucose 
influx 5i addition to its effect in recruiting GLUT4 transporters 
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J . , h^.Wation of GLUT4 from LDM to PM fraction in rat 

GLUT4 protein was ' dOT ™jf ^ V^Z^titeted using MacBaa 1000 ooftware {histograms, bottom pcwew. 
phosphoimaeing (iop pon«tsJ 



marizedmFig. 5, jWjSe (0.05 mmol/kg body weight), 
to ^™i ^StSy weight), or a combination of 
L -Glu(7)HXM (0J . nffl» "* induction of diabetes. As 

tW ■ TJSS vatl^d t-Glu(y)HXM. at these con- 
shown m the fi^vana^ effect . n the ^ 

^S?'^ ev^b characterizing these hyperglycemic 
circulating glucose ie ^ghiy efficient at normal- 

ratS " ^l^erNSnoglycemia" was evident 1 day 
izln g |^ «J"2ES,tion and remained so following two 

^re ^ ^ rem8ined ^ 

~ „ Gershonov, M. Armoni, E. Karaieli, M. 



to normal for the next 3 days (Fig. 5). 

Aquation of Lipogenesis in Rat Adipocytes by iAMy)WMm 
the Absence of Exogeneous Vanodtum-^utamic aodCyJHXM 
also activated lipogenesis in the absence of added vanadium, and 
this effect was studied in detail (Fig. 6). The dose-response curve 
(Fig 6A) indicates that activation is already evident at 5 /im 
l-G1u(7)HXM and that higher concentrations reach a level of 40 ± 
7% of maximal insulin response (median effective dose = 35 ±4 
hm) Other amino acid hydroxamates such as irTyrtoHXM. 
avt«)HXM, and iJWtOHXM also activated lipogenesis, but they 
were considerably less potent (ED M = 250 ± 30 ^ 40 i 5% of 
maximal insulin effect). L-Aspartic acid ^monohydroxamate 
showed higher lipogenic activity compared with the a-aminoaod 
hydroxamates and was slightly less potent than ^uWHXM 
{ED = 45 t 7 ^ 631 N-acetjrl-L-Gflu(7)HXM and 
i -Glu(y)HXM-a-methvi ester were virtually ineffective, indicating 
the need for a free a-amino and, to a somewhat lesser extent, a free 
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^wi moiety for the activation of Upogenesis by UJlu(y)HXM 
^ScS CFte 6C). Stereospecifidty appears crucial as 
in the rat adipose cell U?ig. *' ineffective. All these 
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^bS^C^ofGM,,HXM was ineffective. Ml these 



NaVQ 3 




Time(iteys) 

blood glucose SJ^dreolatingBlucose levels 310- 

rata. 8 days ^J^ U *°^ into I^eral group?. At the time points 
340 mg/daltoo). were d wded into^ ■ £ ^ ofdi 

mmol^ body weight •) 
betic rats received either ^weieht □). l-G1u< 7 )HXM (0.1 mraoVkg) 
iMjVBU ^^uSS^^n .Circulatmgiducose levels 
and vanadate ^^^a'oO a.m.). Each point in the figure repre- 
were deternuned dai^ Cat a .uu^ > & 6 rata . The dosted ii« 



findings indicate that activation of lipogenesis by L-du(7)HXM 
depends on a specific entry of this L-amino acid analog into the 
adipose cell. Further investigation has led us to suggest that 
iX5hi(y)HXM enters the adipose cell primarily through the noa- 
Na " -dependent glutamine transport system. 2 

Several organic chelators, which potentiate the insulinorni- 
metic activity of vanadium either in oitro or in vivo, have been 
documented. These include acetylacetonate (29), maltol (30, 
31) picolinate (32, 33), and RL-252 (28). In Fig. 8D, we have 
examined whether they are capable of activating lipogenesis in 
the absence of exogenous vanadium. Unlike L-Glu(-y)HXM, 
none of these agents were able to activate lipogenesis in the rat 
adipose cell at concentrations of 100 (Fig. 6D) or lower (not 
shown). 

Extensive Potentiation ofL-Glu(y)HXM-evoked Lipogenesis in 
Rat Adipocytes in Vitro Following Enrichment with Vanadium 
in Vtoo— The findings presented in Figs. 1-4 have taught us 
that l-G1u(y)HXM potentiates the insulinomimetic potency of 
vanadium and that activation of lipogenesis by l-G1u( 7 )HXM 
alone never exceeds 40 i 7% of maximal insulin effect (Fig. 6). 
To examine whether L-Glu(7>HXM-evoked lipogenesis can be 
affected by the level of intracellular vanadium, a group of male 
Wistar rats received daily subcutaneous adm i n istrations of 
vanadate (0.1 mmol/kg/day) over a period of 5 days to raise the 
level of endogenous vanadium. Rats were then sacrificed 7 h 
after the last administration. Adipocytes were prepared, and 
the effect of L-Glu(y)HXM on lipogenesis was compared with 
that in nontreated freshly prepared adipocytes. As shown in 
Pig 7 vanadium-enriched adipocytes became dramatically 
sensitive to L-GluWHXM-evoked lipogenesis. This was valid 
both in terms of a leftward shift in the dose-response curve to 
l-G1u(t)HXM (EDso = 6.4 ± 0.3 mm versus ED M = 35 ±4 /am in 
control adipocytes) and in terms of the degree of lipogenesis 
(145 ± 15 versus 40 ± 7% of maximal insulin response, i.e. Fig. 
6). AtlO mm, L-Glu(y)HXM already stimulated lipogenesis and 
amounted to 120% of maximal insulin effect in the vanadium- 
enriched adipose cells (as opposed to only 8.0 ± 1.5% in control 
adipocytes) (Fig. 7). 
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Via 7 Activation of lipogeneria by 
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rate wifc the enriched ones 
V8 ^S £ KOT buffer. P H 7.4, con- 
5U ? I ^Tn 7* The cells were prein- 
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. o,„w;^.<t— Previously we found in cell-free ex- 
S SS?/anfdSSTat neutra! P H values, undergoes 
perunents thatvan^ vanadium( V). This occurs smn- 

fT SSSSSrfM mM reduced glutathione, an ineffec- 
larly in the P^^y^), a t neutral P H values with a t, 
toal reductant of van* daunU^ summarized in Kg. 

? w 1 ^* NME spectra of vanadium dichloride(IV) at pH 
8 f ^ «d 5 £e addition of l-G1u( T )HXM. Vanadium 

d ? «n in to 5l V spectrum, indicating one main species 
^a P t P >96 % Purity. K« *- addition of l-G1u(,)HXM (1 



equivalent), the chemical shift of vanadiumCIV) at -490 ppm 
disappeared within minutes and the principal chemical shift 
characterizing vanadium(V) at -530 ppm.apjpeared (Pig. 8). 

VanadiumdV) <Le. vanadyl sulphate or VOCla) has a char- 
acteristic "blue" absorbance with « 7ei , ntn = 14 ± 0.3, whereas 
vanadiumCV) does notabsorb at all at this wavelength (29). The 
addition of 3-3 equivalents of t-GluCr)HXM to VOCyiV) (50 
mM at P H 7.5) led rapidly to a near total decrease in vanadi- 
um(IV) absorbance at 765 nm (Fig. 9). Fig. SB depicts complex 
formation as a function of the pH in the range of pH 2-9. 
Decrease is ininimal at pH 4.0, quite significant at pH 5.0, 
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(50 mM in HjO), -vlHXM (150 

cated m the "J™"™ R . vanadium 
« ,CIU0 ™ " _t „ti „ a i UBS remains com- 
^SoTof two or more equivalents of 
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nalf-maximal at pH 5.7. and riches a stable plateau at P H 
range 7-9 (Fig. 9B). 

DISCUSSION 

t* h M been consistently observed that chelated varxadium 

^SS^ ^SSU - well as in diabetic 
M vitro ^™ S r^ ptM ocin-treated hyperglycemic rats (28- 
rodente such as 8 °^^ tions in the experimental models 
33i 44). B^^^tL ^SdiumappUeTand the different 
used, the °« data0 ^lfS foXe Mgher insulmomimetic 
^^^T^^^Sr^r speculative. 
ff^£TSK ^SSdiate therapeutic relevance we 
fT^for^vanaSm chelators characterized by: (a) higher 
looked for new vanamum^ documented for vana- 

synergistic potencies man F ^ ked glucose up . 

Cb) STnScSXdcity. and (0 reasonable solubility 
in »«». (« 1 ^ i ™ 1 ,~: edi . ^ compilation with vanadium. 
i„ aqueous neutral ^f/^^V of glutamic 

to this Satisfactorily fulfilled the above 

arid( r^^^ladium-activated hexose uptake, glu- 
^"ttibK anTre^uitment of GLTJT4 transporter, from 
cose metabolism ana reur^ potentiated the 

LDM to PM fra^ ( ^ ^ 1^ levels in streptozo- 
^ ST^^SES* has negligible toxicity 
cm rats < F « ^ G 1u(t)HXM alone and its complexes with 
* ^^aSy sdSe^aqueous media at neutral P H 
vanadium ^^JJTZ^ was that L -Glu(y)HXM alone, in 
values. An u^P^ ^dmg^ ^ a reasonable 

the absence of . activity in that it activated glucose 

amount ° f ^£™$^£ the rat adipose cell (Figs. 
^f; u ifSt revealed that this abating effect 

fheT^r Nonmodified -amino and «-carbo*y monies 
the D-isomer. i intrinsic activity is exclusive to 

"&E*3 S "bS r-SX -y of the other vanadium 
L-Glu(y)HAJ» noi ^ of vanadium in woo or in 

^^Trr^^ ^T Sr assumption that 
^,S£tM permeates into the cell interior and transforms 
L ; S^S-STceUular vanadium pool into an insuhnomi- 
iSXS gains credence from the dramatic sen- 



sitization of vanadium-enriched adipocytes to l-G1u( 7 )HXM- 
evoked lipogenesis (Fig. 7). ■ 

It should be mentioned at this point that because of the 
extreme complexity of aqueous vanadium chemistry (reviewed 
in Refe. 46-49), the intracellular milieu of the mammalian cell 
is still «a black box" with respect to the state and the form of 
entered vanadium. With the endogenously present vanadium 
pool, experiments have shown that it exists mostly asvanada- 
umOV), though some researchers may wonder even ab^ut ^ 
experimental finding because vanadium in its IV oxidation 
sSTonly stable at acidic pH values ( P H < 3.0) and readily 
oxidizes to vanadiumCV) at neutral pH even in the presence of 
high glutathione concentrations (28, 46). The intracellular ja- 
na&um pool, however, can be preserved in its IV oxidation 
form at neutral pH values if it is chelated by ascorbic acid (not 
shown) or to endogenous proteins (50, 51). At the ^Physio- 
logical level of intracellular vanadium, the cell should have the 
capacity to chelate all the endogenous vanadium. 

Our experimental findings that L-Glu(v)H3M alone en- 
hances glucose uptake and glucose metabolism (Figs. 1 and 2) 
together with the apparent rapid conversion of vanadium(ry) 
to vanadiumCV) upon complexation (Figs. 8 and 9) strongly 
support the contention that vanadiumCV) rather than vanadi- 
umttV), and in a chelated form, is the active msuhnoiminetic 
species that facilitates the activation of glucose uptake and its 
n^abolism in rat adipocytes. Although most of our previous 
cell-free experiments support this conclusion, we were not fully 
convinced prior to the completion of this study. Tins is because 
protein phosphbtyrosine phosphatases (with p-nitrophe- 
^phosphate as a substrate) are inhibited by both vanadi- 
umOV) and vanadiumCV), free or chelated, at nearly the same 
concentrations (see Ref. 52). On the other hand, adipose non- 
receptor protein-tyrosine kinases, whether cytosohc or mem - 
branal, are with one exception activated by vanadiumCV) but 
not at all by vanadiumCIV) (22, 23). We have only observed 
vanadium(IV)-evoked activation of nonreceptor protein-tyro- 
sine kinases when membranal protein ifcosphcrtyrosine phos- 
phatases were extracted with Triton X-100 and added to the 
cytosohc protein-tyrosine kinase fraction (29). These experi- 
mental conditions, however, are not likely to occur inthe intact 
cell system. For example, broken plasma membrane fragments 
(or deoxycholate-treated membranal fragments) did not sup- 
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port activation of cyclic jprotein-tyrosine kinases in the pre, 

enceofvanadiumllVH ^ previously 

In summary. of vanadium in potentiating its 

documented or^^^ metaboUsm in vUro 

B ^ Vat T 00 Takfn Aether with earlier studies, this may£ 
and m vioo. iaKe ^~° ^ &e following: (o) increased effi- 
attributed to to permeate into ceUs or 

ciency rf_ ^ *^ le g-coordinated, rather than octahedral 
tissues; W a lavoraui aqueous, neutral environment 

W* 0 ^"^ ^SeTS^cel^ stability of the 
(Eef. 50); 2 ^ OT ,? m 3Sex. Finally, we have recently ob- 
!,Glu( 7 )HXM-var^diura^^ ^ ^ 

served that vanadate <ioesnot 2 ^ effect ofvana- 

the presence of ^uw rf view ^ it may 

date (53) is ^ dM £°"\™rity in mammals, but not to the 
contribute to the metabolic actions of insu- 

efficacy of vanadium to mam. ^ ^ basic and diabetologi- 
lin (reviewed ™**f.J*^ further investigated, 

cal aspects raised here are waue 

, „, t _We thank Elans Friedman for typing the raanu- 
^^ffiSM^bonov and Dov P. Gtossman for e&fang- rt, and 
Ttn QiaTf^ha^ assistance. 
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AB ^ TR ^S T ^ win secreted from adipocytes is correlated with fat 
^HLKS concentration in humans and rodents. 
S 688 ^ ^XTand glucose decrease during fasting and in- 
Plasma the underlying mechanisms regu- 

crease ^ te ' ref ^f^ ( ,^T secretion are not known. To investigate 
Uting .the .d^igSSSSE? metabolism* the regulation of 
^^otw^S the effects of insulin and inhibitors .of 
leptin secretio^ we^a^^ secretion from rat adi- 

glucose ^^^^Culin (0.16-16 nM) increased leptin 
P«**f m T*XZ increase in leptin was more closely 

secretion over 96 h, ^T^setaken up w the adipocytes (r = 0.64; 

a r5e ^ glucoae transport and/or metabolism in 

regulating leptin «creti«^ competitive inhibitor of glucose trans- 
2 -^*^^v!iti£ l££3T concentration^lependent (2-60 
port and P*<*? h0 %™^ rdi»ae in the presence of 1.6 nM insulin. 
fg^SS^SS^^^ concentrations of 



Tuv. ADIPOCYTE hormone, leptin is implicated in the 
regulation of food intake, energy expenditure, and 
j f!? e fnn*;m Circulating leptin decreases after fasting 
££dta TiSlulm^s (2-4) and rodents (5-7), 
orcaoncrestnrtion^nD refeeding (3, 6). In 

T d ^twe JScSimI rise of plasma leptin (8), which 
humans, tfiere «"™5^ due to / de iayed effect of insulin 
SSSKjSi meals. Consist Jwith this hypoth- 
« f SsX^creases expression of the ob gene in rodents 

n«£dk * (12 ' 13) after a numb r of 

houi ^humL plasma insulin and leptin concentrations 
rjSS- loss independently of 

^l«nfadioositv (14). Furthermore, plasma leptin is neg- 
£3£ wiih Insulin sensitivity Independently of 
SSitv in subjects with impaired glucose tolerance (15). 
"ffiSTSS adminisLtion does not affect plasma 
lento concentrations in human subjects (16, mj»* m- 
SS* to "circulating leptin have been reported after 4-6 h 
555 doS^ulin administration (18, 19). These studxes by 
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elucose Two other inhibitors of glucose transport, phloretin (0.05- 
0 25 mM) and cytochalasin-B (0.5-50 fiM), also inhibited leptin secre- 
tion. Inhibition of leptin secretion by these agents was proportional 
to the inhibition of glucose uptake (r - 0.60to0.86; all P< 0.01). Two 
inhibitors of glycolysis, iodoacetate (0.005-1.0 mM) and sodium flu- 
oride (0 1-5 mM), produced concentration-dependent inhibition oflep- 
tin secretion in the presence of 1.6 nM insulin. In addition, both 2-DG 
and sodium fluoride markedly decreased the leptin (06) messenger 
KNA content of cultured adipocytes, hut did not affect 18S nbosomal 

RNA content . 

We conclude that glucose transport and metabolism are important 
factors in the regulation of leptin expression and secretion and that 
the effect of insulin to increase adipocyte glucose utilization is hkely 
to contribute to insulin-stimulated leptin secretion. Thus, in vtvo, 
decreased adipose glucose metabolism may be one mechanism by 
which fasting decreases circulating leptin, whereas increased adipose 
glucose metabolism would increase leptin after refeeding. {Endocri- 
nology 189: 551-558, 1998) 



necessity require the infusion of large amounts of glucose to 
prevent hypoglycemia. Similarly, prolonged hyperglycemia 
in response to extended glucose infusions increases plasma 
leptin after several hours in nonhuman primates (20) and 
human subjects (21); however, glucose admirustrarion also 
markedly increases endogenous insulin levels. Therefore, the 
role of insulin per « on the adipocyte vs. the effect of insulin 
to increase glucose flux into adipocytes was not addressed by 
these experiments. 

Several lines of evidence have led us to hypothesize that 
glucose is an important regulator of leptin expression and 
secretion. First, increases in ob messenger RNA (mRNA) after 
glucose administration in mice are more closely related to 
plasma glucose concentrations than to plasma insulin con- 
centrations (22). Second, infusion of small amounts of glu- 
cose to prevent the decline of glycemia during fasting in 
humans also prevents the decrease in plasma leptin (2). 
Third, the decrease in plasma leptin during marked caloric 
restriction in humans is better correlated with the decrease 
in plasma glucose than with changes in insulinernia (4). 
Fourth, we have found that low plasma leptin levels in strep- 
tozotocin diabetic rats are acutely increased by insulin ad- 
ministration in proportion to the degree of glucose lowering 
(23). Lastly, lowering plasma glucose concentrations in hy- 
perglycemic insulin-dependent diabetic human subjects by 
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infusing insulin at rates 1 thaT pcgW physiological insu- 

To ^ v f h ^^ o e "t^apted and modified an in Wrm 
^Tfo^^aTadipocVtes in which the adipocytes 
Sy5tem wS STdetoed P mixture of extracellular matrix 
are anchomi in Matrigel, appears to simulate 

C ^ P TS^t^Xane attachment of cells and may 
n n m ^U t^TinteSons between adipocytes. Cells cul- 
aUow cell to ^™ e ^u in an environment closer 

m ^IlXsS;5S milieu than in systems where 
t0 ^Z^hTnoX S in the culture medium. Adipo- 
adipocytes are NjJJg have been shown to maintain 
^ ^2f<JtoSd characteristics and, in contrast 
ma ^f5£Lrf SSSytes, show no sign of dedifferenri- 

ation ^° 7 S . ti n 0 f Jeptin secretion by glucose and 
invesbgated^regu^on ^ g ^ 

i™*" i 'eS on leptin secretion. The leptin «*) 
^^ToT^SpocyL after culture with insulin 
and inhibitors was also examined. 

Materials and Methods 

Materials , 

„.„, . ™c purchased from life Technologies (Grand 

DMEM and FBS were PJf"*^ mented ^ m 6 ml each of MEM 
Island, NY). ^. ^^ZTJycin (5000 U/ml/5000 
nonessential ^^SSStaOife Technologies) per 500 
ug/ml), ^l"^^^<n^K wllagenase (Clwfruiiumhistolyficum; 
ml DMEM. ^ A ^^ V Co sfS, WSA, 456 U/mg), insulin, 

tyPf Sl ^ h ^TSde (NaFl), phloreta, iodoacetate, and fructose 
^ucose.sod^fluonde^^^F ^ matrix was pur- 

«• f^^^SicSn ^FrarOdin Lakes, NJ). 2-Deoxy-r>gluc«e 
chased faom^pnDictaraonv- (Cleveland, OH). 

(2-DG) was obtained ^"^swere from Fisher Sci- 

S^u^PA^K were p'urchased fromTe*o (Kan- 
sas City, MO). 

Animals 

, ^ .^wlw rats were obtained from Charles River (Wilm- 
^\ S ^^nSwe?e hoSed in hanging wire cages in temper- 
ingtC ^^«^ots^24 C) with a 12^h Ught-dark cycle and fed 
ature ^^^J^^.p^, St Louis, MO) and given deioruzed 
Purina was approved by the University of 

water ad /(intern- ™sm°yp committee. 
California-Davis animal care ro»<" 

CeiZ isolation /preparation 

™~.t«1 from epididymal fat pads of male Spra- 

A ^r7^Z%0^S^^ ^* halo*ane. Epididymal 
r^^^rSeSer aseptic conditions, and adipocyteswere 
fat depots were resects to the Rodbell procedure 

isolated by cottager^ dij^on "^"f ^low. The fat pads were 
(27) with Ssf buffer (pH 7.4; containing 5 
n^^ed intopieces ^J"*™*^ ^ m „ CaCl^O, 1£»M 
mw D "8 luc( ? e ' n * % F02.17inM Na,HP0 4 , and 10 mM HEPES). 

Adip °f^ U n SCerSTS =^2 ml bufferg tissue) at 37 C with 
encerfrype E ^f^mtTfor^S min. The resulting cell suspension 
^.f^M^a^HEP&phosphate buffer. Isolated adipocytes 
was diluted ^ 24 i^ertrf tissue by filtration through a 400-urr, 
were separated For washing, cells were centrifuged 

nylon mesh and washed^umes * discarded, and the 

a( 500 rpm for 5 ^^X^eKnger HEPES buffer, with the 



with 1% or 5% FBS. The isolated adipocytes were then incubated for 30 
min at 37 C before being plated in Matrigel-coated culture plates. 

Adipocyte culture 

Matrieel was thawed on ice to a liquid and uniformly applied to the 
surface of the culture dish (300 ^ Matrigel/35-mm well). After the 
incubation, 150 ul of the adipocyte suspension (2:1 ratio of packed cells 
to medium) were plated on the liquid matrix. The warmth of the cells 
and buffer caused the Matrigel to gel around the adipocytes, effectively 
anchoring them to the culture dish. After a 30-rrdn incubation at 37C, 
2 ml warm culture medium supplemented with FBS were added. The 
cells were maintained in an incubator at 37 C in 6% CO z for 96 h. 

The initial medium concentration of glucose for the cultures con- 
ducted in the insulin dose-response experiment was 10.0-10,5 nut (180- 
190 mg/dl) to ensure that the cells would not deplete the glucose supply 
during the 96-h incubation when higher concentrations of insulin were 
used Only 1% FBS was used in the insulin dose-response study to 
nurornize the small amount of insulin present in the serum, which at 1% 
was less man 0.1 uU/ml. In the fructose study, medium made with 
elucose-free DMEM and 1% fetal serum was used to minimize the 
amount of glucose available to the adipocytes (<0.1 mmol/Uter). How- 
ever it was not possible to eliminate all glucose from culture preparation 
because the Matrigel matrix itself contains ~4£ mmol/liter glucose. For 
the fructose experiment, the Matrigel was diluted 12 with glucose-free 
medium to approximately 1.5 mmol/Uter glucose. 

In the other experiments with inhibitors of glucose transport, Z-LXj 
(28) phloretin (29), and cytochalasin B (30), or with inhibitors of gly- 
colysis, iodoacetate (31), and NaFl (32), the Wtfel medium glucose 
concentration was (5.0-5.5 mM; 90-100 mg/dl) with 5% fetal serum. 
These agents were used at concentrations at or below those typically 
employed to inhibit glucose transport or glycolysis m adipocytes (28- 
32) Cytochalasin B was initially dissolved methanol and diluted to 0.5% 
ethanol in the well with the highest dose. Therefore, the medium in all 
wells in the cytochalasin B experiment was equalized to 05% ethanol. 
Aliquots of adipocytes from each animal were divided into wells with 
the responses to insulin, the various inhibitors, or fructose being com- 
pared with those of an appropriate control well containing adipocytes 
from the same animal. In a preliminary insulin dose-response study, we 
found that medium leptin concentrations in the presence of msulm were 
not increased over those in control medium (no insulin) untu after 24 n 
of incubation. Therefore, for the remainder of the studies, 300-^1 samples 
(15% of the medium volume) were collected at 24, 48, 72, and 96 h and 
replaced with 300 ul fresh medium containing the appropriate concen- 
trations of glucose, insulin, and/or inhibitors. Cultures were observed 
daily with a phase contrast irdcroscope. After 96h, a subset of the culture 
plates was frozen until analyzed for teptin (ob) mRNA content by 

Northern blot 

Assays 

Leptin concentrations in the medium were determined with a sen- 
sitive and specific RIA for mouse leptin as previously described (7) 
(Linco Research, St. Charles, MO). Leptin concentrations in medium 
from cultured rat adipocytes measured with this assay are very similar 
to those obtained with a newly developed assay specific for rat leptin. 
With the rat-specific assay, measured leptin concentrations in culture 
medium were 86 ± 3% of the mouse values and were highly correlated 
between the two assays (r « 0.97; P < 0.0001; unpublished data). There- 
fore measurements of rat leptin made with the mouse assay provide a 
reliable measurement of leptin concentrations. The intra- and interassay 
coefficients of variation for this assay are 4.0% and 11-2%, respectively 
(7) The antibody used in the assay does not cross-react with insulin, 
proinsulin, glucagon, pancreatic polypeptide or somatostatin. Glucose 
and lactate were measured with a YSI glucose analyzer (model 2300, 
Yellow Springs Instruments, Yellow Springs, OH). 

Northern blot procedure 

The following procedures were performed on culture plates incu- 
bated with 5 mM elucose and 5% fetal serum alone (control), 1.6 nM 
SX^nd 1.6 n« insulin with 10 mg/dl 2-DG or 1 mM NaFl far48 and 
96 h. Northern blot analysis was performed as previously described (33). 
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, RNAzo i B (Tel-Test, Friendswood, TX) was added directly 

In bnef, 1 ml RN ~°!f rr v VI a dioocvtes and matrix. The solution was 
to the wells containing the pipette to maximize disso- 

P?*&*££ ^ue^b\cXice aXTegrity gels were used 
lubonofthe adipo^tosue. u ^ ^ of rn A ta each well, 

to estimate RNA. T °^"nAusSik a single-stranded complementary 
t^fflylS" of bands on a phosphoimager as 
W u P ^ rJr^e blote were reanalyzed using a probe comptanen- 
we ll as from Leptin mRNA was then normalized 

^^^S^S^^ to absolute siS T L 

with respect to the identical in all cases. In particular, 

S^SSlKSSffiU the 18 S ribosomal signal. 

Calculations and data analysis 

„ \. ( „i,,«H* was assessed by measuring the concentration 
The uptake °f 0«o» ^ ac hweUbefore and after 96 h of incubation 

of glucoseinthen^^^*^^ h. To examine the relationship 

^^^STfluT^d leptin secretion in response to in- 
between adipocyte carfrOT nux ^ ofcarfxmleleased 
creased ir^ulm-mecbated glucose upr^e, oveT 96 h was 

88 ^LvSS^S^ *** e change, and ex- 

calculated as ^^3X S under the curve for leptin ooncen- 
pressed as a P^**^^ 0 ^>6 h was calculated by the trapezoidal 
trations in the medium "T were compared by paired t test The 

^^!r£3r™di« concentrations of insulin or in- 
the reUUc^slups £e ^ ^ucose taken up by the adipocytes, 
Mbitors employed, «>"?"™J muWplelinear regression analyses were 
!^f Pt ^ S w^S£ SaVe package (tot^v for Macintosh, 
^rSn^s, £ £Uy, CA)-^ are expressed as the mean ± 

SEH. 

Results 

Responses to insu/in IHUtf-JftO 

The effects of insulin on leptin secretioruand therelation- 
,hto between glucose uptake by adipocytes cultured with 
Se^c^centrations of insulin and leptin secret™ were 
^ Win produced a concentration-dependent in- 

decrease m gi lucose concentration decreased from 

^bf to "?^3?unol/Ute r (A -1.9 ± O^ mrnol/Uter; 
P < 0.S The addition of 0.16, « 

mcrease in k decrease in glucose in the me- 

^ove?9?f f = ^1; P < 0.0002), suggesting that a 
djum ovct w> n ^ entering the adipocytes was 

"uX^- wafLreased over the control value by 
au'SeTcSentrations of insulin (Fig. IB), ^ production 
of lactate was not related to the leptin response (r = 0.10, P - 
S The area under the leptin concentration curve (AUC) 
2 0 96 n was independently related to ft. .decrease tm 
, j„ th e mpdium during the incubation (Fig. 1C), but 

SedecreaSin glucose, but not to the insulinconcentrahon. 
t ^o^the percentage of carbon released as lactate per 
£S23S2S5Si u 8 p as glucose was calculated. Over- 
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Fig 1 A Glucose concentrations in medium from 0-96 h from iso- 
lated rat adipocytes in primary culture with insulin concentratKms 
from 0-16 nM<n= 8/treatment). B, Leptin concentrations from 0-9b 
h from isolated rat adipocytes in primary culture with msulin con- 
centrations from 0-16 nM (n = 8/treatment). C, Relationship between 
glucose uptake, as assessed by the decrease m glucose mi the culture 
medium, and leptin secretion, expressed as the AUC from 0-96 h, 
during incubation of adipocytes with 0-16 nM insulin (n = 32). 
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• v v, *™r, Glucose uDtake (AGluc) leptin secretion (ALept) and the concentration of insulin or inhibitors of glucose 
TABLE 1. ^fi^S^h^ZSa^Um Si* insulin and insulin plus inhibitors (2-DG, phloretin, cytochalasm-B, 
$£^Z3&%£> " c oncentragsee Materials and U**ti 

Simple Regression 



Multiple regression 



Insulin or inhibitor (n) 



Insulin (32) 
Z-DG (38) 
Phloretin (38) 
Cytochalasin-B (19) 
Iodoacetate (34) 
Sodium fluoride (28) 



&Lept v*. AGluc 



ALeptus. [inhibitor] 



iLept e». AGhic 



ALspttw. [inhibitor] 
CP) 



0.64 
0.67 
0.86 
0.60 
0.83 
0.85 



0.0001 

0.0001 

0.0001 

0.01 

0.0001 

0.0001 



0.20 
0.51 
0.78 
0.58 
0.74 
0.60 
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_ _S_ .MB* 24X3 10 mgM 
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Fhj 2 Effects of inhibiting glucose transport and metabohsm wi^ 
^M on lS concentrations from 0-96 h in medium from rotated 
TT-l^^in orimary culture for 96 h with 1.6 nM insuhn and the 
e|f& & m*) at 48 h on the inhibition of ieptin 
secretion produced by 10 mg/dl 2-DG. 

all, in the insulin experiment between 10-68% of the amount 
of carbon taken up as glucose was released as lactate (mean 
■U -*- 2%) There was no direct relationship between this 
™ rame ter and the insulin concentration; however, it was 
Siverselv proportional to the amount of leptin secreted^ as 
eTreSdbyihe 0-96 h leptin AUC (r - 0.64; P < 0.0001^ 
B^m^tiple regression analysis, the relationship between 
gLcose conversion to lactate and leptin secret™ .was no 
fignificantly related to lactate production (P = 0 06), but 
S secretion was equally related to both the change in 
glucose and the amount of glucose carbon released as lactate 
(both P < 0.001). 

Effects of2-DG (2-50 mg/dl). 

The effect of inhibiting glucose uptake and metabolism 
with 2-DG on leptin secretion and its relationship to adipo- 
cyte glucose uptake were examined. 2-DG at a^nc^txation 
oSme/dl comply inhibited glucose uptake (A ,0.1 ± 0.3 
mnwESter) in the presence of 1.6 nM insuhn (Aglucose, 
To i 0 6 mmol/liter) and inhibited the leptin response 
(AUC 0-96 h) by 69 ± 4% (P < 0.0001) compared with insulin 
IV^ffie ZA) Atalowerconcentrationof 2-DG (lOmg/dl), 
iZStp^ was stiU markedly inhibited (A, -0.1 ± 0.4 
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Fia. 3. Effects of inhibiting glucose traiisport with phloretin on leptin 
concentrations from 0-96 h in medium from isolated rat adipocytes 
in primary culture for 96 h with 1.6 nM insulin and the effect of adding 
glucose (55 mil) at 48 h on the inhibition of leptin secretion produced 
by 0.25 mil phloretin. 

mmol/ liter) and leptin secretion was inhibited by 47 ± 5% 
(P < 0.0001). The lowest concentration of 2-DG (2 mg/dl) 
produced less of an inhibition of glucose uptake (A, -1-5 ± 
0.9 mmol/liter; P < 0.01 vs. Insulin alone). At this concen- 
tration, the leptin response was not significantly inhibited 
until the 96 h point (P < 0.02 vs. insulin alone; Fig. 2A). 

Overall, the change in leptin at 96 h was related to the 
concentration of 2-DG and was well correlated with the de- 
crease in medium glucose (Table 1). By multiple regression, 
the leptin concentration in the medium at 96 h was signifi- 
cantly correlated with die change in glucose, but not to the 
2-DG concentration (Table 1). The addition of glucose (55.5 
rrtM) at 48 h reversed the inhibition of leptin secretion pro- 
duced by 2-DG at 10 mg/dl by 96 h (P < 0.01 vs. 2-DG; NS 
vs. insulin alone; Fig. 2). 

Effects of phloretin (0.05-0.25 nut) 

The effect of inhibiting glucose uptake with phloretin on 
leptin secretion was examined. Phloretin at a concentration 
of 0.25 dim completely inhibited leptin secretion (Fig. 3). The 
0-96 h AUC for leptin was inhibited by 91 ± 2% of insulin 
alone (P < 0.0001). This higher concentration of phloretin 
(0.25 mil) also completely blocked glucose uptake in the 
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presence of 1.6 nM insulin (Aglucose, 0.7 ± 0.1 n^/l** 
present*: u _ p=:DOnse W as inversely related to the 

S^SiES^d was highl/corrdated with 
XSSSTta glucose in the medium (Table 1). However, 
the decrease ™ 6 ^ lectin response was correlated 

by multiple re^ssion^ P £ concentration 

dlS^reTeSt 1 ^ 
(Fig. 3). 

JS/J%cfs of cytochalasin B 

The effect of inhibiting glucose uptake with cytochalasin 
ifjjr " etion was examined. Cytochalasin B pro- 
3 ^ Tc^nSSSn-dependent inhibition of glucose u P - 
Secretion (Fig- 4). The leptin response was 
■^llwcorrelated with glucose uptake by simple re- 
sjgnAcantty correia noTsignificantly correlated with 

gres S1 on CM* 1), but ^ tutors; Table 

of r^catS (n ^ 19) in this experiment. 

Effects of iodoacetate (0.005-1.0 ma) 

tu »fwt nf inhibiting glycolysis with iodoacetate on lep- 
• J^SS waHxammed Iodoacetate at 1.0, 0.1, and 0.01 
^^XSSHhxcose uptake (Aglucose, -0.1 ± 
?T and 0.3 ± 0.2 mmol/liter, respecbvelyX and 

u£tin section. The 0-96 h AUC for leptin was mlubited by 
K^-91 - 2%,and -87 ±3%, respectively, compared 
■ 17 Iin^e- fall P < 0.0001). The lowest concentration 
^rSSfSoS mO produced less of an inhibition of 
of ^o*ceto*Q£™™> P ^noi/uter) and less of 

glucc« uptake (Aglucc^ insulin 

« "S^S agression, 'the release of 

f! one < 3? ied to the concentration of iodoacetate and 
1CP hiX cSaSd with the change in glucose in the 
W Hiu^fTaSri) However, by multiple regression, the 
E£ secSed at -96 h was related to the change in glucose, 
Ko^e incentration of iodoacetate (Table 1). 
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Fig. 5. Effects of irimbiungely<»rysiB with 

centrations from 0-96 h in medium from isolated rat adipocytes in 
primary culture for 96 h with 1.6 nM insulin. 
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Fig 6. Effects of inhibiting glycolysis with NaFl on leptin concen- 
trations from 0-96 h in medium from isolated rat adipocytes in pri- 
mary culture for 96 h with 1.6 DM insulin. 

Effects of NaFl (0.1-5.0 mM) 

The effect of inhibiting glycolysis with NaFl was exam- 
ined. The two highest concentrations of NaFl (5.0 and 1.0 
nun) completely inhibited glucose uptake (Aglucose, 0.2 ± 
0.1 and 0.0 ± 0.3 mmol/liter, respectively). The 0.5 mM con- 
centration of NaFl produced less of an inhibition of glucose 
uptake (A, -2.1 ± 0.6 mmol/liter), and the lowest concen- 
tration (0.1 mia) of NaFl did not inhibit glucose uptake (Aglu- 
cose, -3.9 ± 0.5 mmol/liter) compared with the effect of 
insulin alone. The two highest concentrations of NaFl (5.0 
and 1.0 mM) markedly inhibited leptin secretion (-81 ± 6% 
os. insulin alone; P < 0.0001). The next concentration of NaFl 
(0.5 mM) produced an intermediate inhibition of leptin se- 
cretion (-47 ± 15% of insulin alone; P < 0.05). The 0.1-mM 
concentration of NaFl did not inhibit leptin secretion (-4 ± 
15% t». insulin alone; P = NS; Fig. 6). 

Overall, the decline in medium glucose was significantly 
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i with the concentration of NaR and highly corre- 
?5i5£ £* S leptin concentration (Table 1). By multiple 

O^t^^^^ (Table 1). 

Effects of insulin, 2-DG, and NaFl on leptin (ob) mRNA 
and 18S ribosomol RNA 



A. 
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mRNA was detectable in adipocytes incubated for 48 h either 
with 1 .6 nM insulin or without insulin (control). However, the 
leptin mRNA signal was reduced to near undetectable levels 
when adipocytes were incubated with 1.6 nM insulin and 
either 2-DG (10 mg/ml) or 1.0 dim NaH (Fig. 7A). The effect 
of 2-DG and NaFl was specific, because in the same samples 
there was no effect of these concentrations of 2-DG or NaFl 
onl8SribosomalRNA (Fig. 7B) or on nonspecific RNA bands 
(with a different mol wt than leptin mRNA) that could be 
detected on the Northernblots after long exposures (data not 
shown). Leptin mRNA was significantly reduced by 2-DG or 
NaFl regardless of whether the signal was normalized for 18S 
ribosomal signal (P = 0.0174). Qualitatively similar effecte of 
2-DG or NaFl were observed in cultures incubated for 96 n 
(P « 0.0228; data not shown). 

Effects of fructose (5 mii) 

The addition of 5 mM fructose to medium of cultures in 
which the glucose concentration was minimized by diluting 
ttie Matrigel 1:2 and using glucose-free DMEM with 1% 
serum augmented leptin secretion after 48 h. The initial re- 
sponse in the control wells was probably due to the residual 
elucose (-1.5 mmol/L) in the diluted Matrigel. However, 
both the integrated AUC from 0-96 h (P < 0.02) and the 
leptin concentration at 96 h (P < 0.01) were increased by 
fructose (Fig. 8). 

Discussion 

In the present study we found mat addition of physio- 
logical concentrations of insulin stimulates leptin secretion 
from isolated rat adipocytes in primary culture. In this in vitro 
system we did not see an acute effect of insulin on leptin 
secretion. This is in agreement with previous reports that 
have demonstrated that the expression of ob gene and leptin 
protein release are not acutely regulated by insulin in vwo 
and in vitro (17, 36). The strong correlation between adipocyte 
elucose uptake measured by the decrease in glucose in the 
media during incubation with insulin and the amount of 



Insulin added 



^uUnpli* '™^UX£™ Northernblots .Tbtiwt above each 
48 b "fwbaM^ 1 ^ obtained for each condition. B, 
tor is repre^tiveofthe «gn^ i. € insulin plus 

Effecte of conttol <f n ^^^ 18S ribo^mal RNA after 48 h of 
10 2 '^ hy N«te> blots. The inset above each bar 
ESSXSBi obtained for each condition. 
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Fig 8 Effect of fructose (5 mM) on leptin concentrations from 0-96 
h in medium from isolated rat adipocytes in primary culture with a 
low (-15 mmol/liter) initial glucose concentration (n = 6/treatment). 
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. a isolated adipocytes is consistent with the 
"^r^fi ^^f gluco^etabolism is a determi- 
iyp0,h f S£ ZZZSEn. to addition, the absolute insulin 
™* of *f to "elated to the leptin response, inde- 

T t S£rf£ 35-ulta to increase glucose uptake. 
^Sf^ ^of elucS transport with 2-DG, phloretm or 
M( ?f n B £ conSntrarions at or below those typically 
cytochalasin B at cor^tm doS e-dependent de- 

^ * teffiSSffl presence of higlphysiolog- 
CT T^nnorTofLulin. The competitive inhibition pro- 
^^??BGSSd be reversed by the addition of a high 
duced by ^f^Zase suggesting that 2-DG did not in- 
concentratxon^glucose- toxic ^ on the 

«* itSS^ ^ ^eStionbyphloretinwasnot 
adiP 2dtv riuSe^f Phloretin is not a competitive inhib- 
reversed by glucose, ^ h irreversible inhibition of 

itor and, ^° re ' P^^adUy overcome by high glu- 
cose "225"^ experiments provide evidence 
T^S' is required to increase leptin secretion 

5^tST(31, 32) also produced concentration- 
low concenttahom -. (31, t ^ ^ „ of 

?" ? Tf5nSSSsi inhibited, glycolytic intermedi- 
insulin. When gl gjg? m a ^ondary impairment of glu- 

P - wviirton rfglucose metabolism by either glycolytic 
durmginlubihon otgmc ^ over 96 h of m _ 

inhibitor, the am^t ot gi D f leptin 

cubationwas^gWy^rreu ^ ^ resuIts ^ 

seated despite ^PJJJ£ secretion by insulin is unlikely 
that ** ^"^XffSTf insulin jJse, but is secondary 
iV^^******* L*™ uptake and me- 

te w^«£dlS'inhibition of glucose transport and 
We also found trat NaFl markedly 

^tabobsm PrSoSasassessedbyNorthern 
inhibited l^ j'SSTSST In the same cultures, 18S 
^J^aT^A K ^unaffected by either 2-DG or 
nbosomal W^A lev ^ m leptin gene expression 

Nan ;Se^Sn*Ccific overall effect of these inhibitors 
was not due to an« f-- . ^ fc addition, we exam- 

to impair ^^^Seased lipoprotein lipase (LPL) 

^^SSSL SSTwTth the various inhibitors (data 
from a*poq£esculturea ^ ^ decreased by 
no t presented) M^ougn ^^.^^^ levels) , the 

m e mhibitors J^^. on was significant! y greater (80- 
suppression oHephn^ecjen * ^ ^ ^ 

**\ "HSUi^ thaton another 

UP ^ C «m prSuSd by adipose tissue. Lastly, the effects 
^ewSrsto nSt lepci/expression and secretion a* 
of the blt^rsro depletion of adipocyte energy stores, 
* Sft adir»cVtes can generate energy (ATP) by 
38 viShondrial oxidation (37, 38). 

Taken tog«n«- of leptin expression and secretion 

t^TJZZ A^S^weVoiKesizethatduringfast- 
by adipocy^Acwrcung^ ^ ^^^^ are 

S^SSSS« elevU leptin secretion de- 



dines secondary to decreased glucose transport into adipose 
tissue. Upon refeeding, increases in circulating insulin and 
glucose and the resulting increases in adipose glucose uptake 
and metabolism stimulate leptin secretion and restores cir- 
culating leptin concentrations to prefasting levels. This 
model, therefore, can explain the effects of fasting and refeed- 
ing on circulating leptin in humans (2-4) and rodents (5-7). 
In addition, the nocturnal increase in plasma leptin observed 
in humans could potentially arise as a delayed consequence 
of increased insulin-stimulated glucose metabolism follow- 
ing meals (8). The effect of glucose infusions to prevent the 
fall of plasma leptin during fasting in human subjects may 
be similarly mediated (2). 

Thus, leptin secretion appears to reflect the amount ot 
glucose transported and metabolized by adipose tissue. 
There is convincing evidence that suggests that a significant 
portion of glucose entering adipose tissue is metabolized to 
lactate and released (34, 35). This lactate may contribute to 
the pool of gluconeogenic precursors during fasting. Our 
results show that when a smaller proportion of glucose car- 
bon taken up by adipocytes is released as lactate, more leptin 
is secreted. These data are consistent with the changes in 
leptin secretion observed during fasting and refeeding. In 
addition, fructose, in the presence of low glucose concentra- 
tions, stimulates leptin secretion, demonstrating that a non- 
glucose substrate can induce the adipocyte to secrete leptin 
and suggesting that stimulation of leptin secretion by glucose 
metabolism occurs downstream of phosphofructokinase. 

In summary, blockade of glucose transport or inhibition of 
glycolysis inhibits leptin secretion from and gene expression 
m isolated cultured adipocytes. The secretion of leptin is 
directly proportional to the amount of glucose taken up by 
the adipocytes. These results suggest that leptin secretion is 
linked to glucose transport and metabolism and help to ex- 
plain the known effects of feeding/fasting and long term 
glucose and insulin administration on circulating leptin 
concentrations. 
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iS^MER WENDY M, KIMBER L. STANHOPE, 
GREGOIRE, JOSEPH L. EVANS AND 

PETER J HAVEL. Effects of metformin and vanadium on 
leptin secretion from cultured rat adipocytes. Obes Res. 

^We have reported that glucose utilization regu- 
iates leptin expression and secretion from isolated rat adi- 
pocytes in this study, we employed two antidiabetic agents 
that act to increase glucose uptake by peripheral tissues, 
metformin and vanadium, as pharmacological tools to ex- 
amine the effects of altering glucose utilization on leptin 
secretion in primary cultures of rat adipocytes. 
R^seTrcn Methods and Procedures: Isolated adipocytes 
M OO ^ of packed cells per well) were anchored I tn a 
defined matrix of basement membrane components (Ma n- 
% with media containing 5.5 mM glucose and incubated 
for 96 hours with metformin or vanadium. Lepun secretion. 
E lucose utilization, and lactate production were assessed. 
tsults: Metformin (0.5 and 1.0 mM) increased glucose 
Lake in the presence of 0.16 nM msuhn by 37 ± 10/o 
T< 0 005) and 62 ± 8% (p < 0.0001) over insulin alone 
nLoectivelv. Metformin from 0.5 to 5.0 mM mcreased 
S^oLcnon * ± 43% (P < 0-025) to 202 ± 52% 
„ < 0 0025) and at 1.0 and 5.0 mM increased the propor- 
LalTo glucose conversion to lactate by 78 ± 18% ip 
< 0 005) and 166 - 41% (p < 0.0025), respectively^ A 
concentrations less than 0.5 mM, metforrmn did not affect 
Spl se -tion, but at 0.5 mM, the only concentration that 
significantly increased glucose utilization w.thout increas- 
ing glucose conversion to lactate, leptin secretion was mod- 
esty stimulated (by 20 i 9%; p < 0.05). Concentrations 
from 1.0 to 25 mM inhibited leptin secretion by 25 ± 8/i 
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(p < 0.005) to 89 ± 4% (p < 0.0001). Across metformin 
doses, leptin secretion was inversely related to the percent 
age of glucose taken up and released as lactate (r = -0.74; 
p < 0 0001). Vanadium (5 to 20 uM) increased glucose 
uptake from 20 ± 7% (p < 0.01) to 34 ± 13% (p < 0.02) 
and increased lactate production at 5 /j-M by 17 ± 8% (p < 
0.025) and 10 u.M by 61 ± 20% (p < 0.02) but did not alter 
the conversion of glucose to lactate. Vanadium (5 to 50 f*M) 
inhibited leptin secretion by 33 ± 6% (p < 0.0025) to 61 ± 
8% (p < 0.0001). 

Discussion: Both metformin and vanadium increase glu- 
cose uptake and inhibit leptin secretion from cultured adi- 
pocytes. The inhibition of leptin secretion by metformin is 
related to an increase in the metabolism of glucose to 
lactate. The inhibition by vanadium most likely involves 
direct effects on cellular phosphatases. We hypothesize that the 
effect of glucose utilization to stimulate leptin production in- 
volves the metabolism of glucose to a fate other than anaerobic 
lactate production, possibly oxidation or lipogenesis. 

Key words: glucose uptake, lactate production, 
anaerobic metabolism 

Introduction 

The adipocyte hormone, leptin, has a central role in the 
regulation of food intake, energy expenditure, and body fat 
stores (1,2). Circulating leptin concentrations are well cor- 
related with adipose stores in humans (3-5) and animals 
(5-7). However, leptin production is also acutely regulated 
by nutritional status. For example, circulating leptin de- 
creases after fasting' (6,8-10) or energy restriction (11,12) 
and increases after refeeding or overfeeding (9,13). These 
changes of circulating leptin are disproportionate to the 
relatively small changes of body fat. Although the regula- 
tion of leptin expression and secretion is incompletely un- 
derstood, changes of insulin secretion during fasting and 
refeeding precede changes of circulating leptb concentra- 
tions. There is a growing body of evidence that suggests a 
role for insulin and glucose in mediating changes of circu- 
lating leptin levels in vivo. For example, infusion of small 
amounts of glucose to prevent the reductions of insulin and 
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glucose during fasting in humans also prevents the decrease 
in plasma leptin (8). Although insulin administration does 
not acutely increase plasma leptin concentrations in human 
subjects (14,15) increases have been reported after 4 to 6 
hours during insulin infusions producing supraphysiological 
(16 17) or physiological (18) increments of plasma insulin 
evels Similarly, prolonged hyperglycemia and hypennsu- 
linemia in response to extended glucose infusions increases 
nlasma leptin after several hours in nonhuman primates (7) 
and human subjects (19). Lastly, leptin concentrations 
increase 4 to 6 hours after high carbohydrate meals, 
which induce large plasma insulin and glucose responses 

in" vtao' Sies have shown that insulin increases leptin 
expression and secretion in isolated rodent (21-23) and 
human (15,24) adipocytes. It has not, however, been clear 
whether the effect of insulin to increase leptin product.on is 
a direct consequence of increased insulin signaling or might 
be indirectly mediated by insulin's actions on glucose me- 
tabolism Several in vivo studies have provided support for 
the latter explanation. First, glucose administration mduces 
increases of oft mRNA expression, which are more closely 
related to changes of plasma glucose than to plasma insulin 
concentrations (25,26). , . , ■ ■ „i 

In addition, the decrease in plasma leptin during marked 
caloric restriction in humans is better correlated with the 
decrease in plasma glucose than with changes in insuhne- 
mia f 1 1 12) Furthermore, we have found that low plasma 
lentin le'vels in insulin-deficient streptozotocin diabetic rats 
are acutely increased by insulin administration in proportion 
to the degree of glucose lowering (27). Further support from 
in vitro experiments for a role for adipose glucose utiliza- 
tion in the regulation of leptin production is provided by our 
recent report that increased glucose metabolism is an im- 
portant mediator of insulin-stimulated leptin expression and 
secretion Blockade of glucose uptake or inhibition of gly- 
colysis decreases ob gene expression and leptin secretion in 
isolated rat adipocytes (28). However, glucose uptake by 
itself only seems to be important in that glucose must first 
" be taken up by the adipocytes before it can be metabolized. 
Rather than glucose uptake per se, the inverse relationship 
observed, between the proportional conversion of glucose to 
lactate and leptin secretion by isolated adipocytes (28), 
suggests that a regulatory step for glucose metabolism to 
mediate changes of leptin production involved the metabo- 
lism of glucose lo a point beyond (he anaerob.c metabolism 
of glucose-derived pyruvate to lactate. 

Metformin and vanadium are two antidiabetic agents, 
which are able to enhance glucose uptake and utilization by 
peripheral tissues (29,30). In the present study, we em- 
ployed metformin and vanadium as pharmacological tools 
to examine the effects of altering adipocyte glucose utiliza- 
tion on leptin production in primary cultures of isolated 
adipocytes. Glucose utilization, lactate production, and lep- 



tin secretion were measured over 96 hours in isolated rat 
adipocytes cultured in a basement membrane matrix that 
maintains adipocyte differentiation. 

Research Methods and Procedures 

Materials 

Media (Dulbecco's modified Eagle's medium [DMEM]) 
and fetal bovine serum (FBS) were purchased from Life 
Technologies (Grand Island, NY). The media was supple- 
mented with 6 mL each of minimal essential medium amino 
acids, penicillin/streptomycin (5000 U/mL/5000 fig/mL), 
and nystatin (10,000 U/mL; all from Life Technologies) per 
500 mL of DMEM. Bovine serum albumin fraction V, 4-(2- 
hydroxyethyl)-l-piperazineethansulfonic acid (HEPES), colla- 
genase {Clostridium histolyticum, type II; specific activity, 456 
U/mg), insulin, and metformin were purchased from Sigma 
Chemical Co. (St. Louis, MO). Matrigel matrix was purchased 
form Becton Dickinson (Franklin Lakes, NJ). Bis(maltolato) 
oxovanadium(tV) (BMOV), an organised form of vanadium 
(31), was a gift from Drs. John McNeill and Violet Yuen, 
Department of Pharmaceutical Sciences, University of British 
Columbia, Vancouver, BC, Canada. Six-well Falcon plates 
were purchased from Fisher Scientific (Pittsburgh, PA). Nylon 
filters were purchased from Tetko (Kansas City, MO). 

Animals 

Male Sprague-Dawley rats (3 to 6 months of age) were 
obtained from Charles River (Wilmington, MA). Animals 
were housed in hanging wire cages in temperature- 
controlled rooms (22 °C) with a 12-hour light-dark cycle 
and fed Purina chow diet (Ralston-Purina, St. Louise, MO) 
and given deionized water ad libitum. Animal use and care 
was in accordance with the National Institutes of Health 
Guide for the Use and Care of Laboratory Animals and 
conducted in facilities accredited by the American Associ- 
ation for Accreditation of Laboratory Animal Care. The 
study protocol was approved by the Administrative Animal 
Use and Care Committee at University of California, Davis. 

Methods 

Cell Isolation/Preparation. Adipocytes were prepared 
from epididymal fat pads from male Sprague-Dawley rats 
weighing 300 to 600 g. Epididymal fat depots were 
resected from halothane-anesthetized rats under aseptic 
conditions, and adipocytes were isolated by collagenase 
digestion by the Rodbell method (32) with minor 
modifications as previously described (28). The 
isolated adipocytes were then incubated for 30 minutes 
at 37 °C before being plated and cultured on Matrigel- 
coated plates. 

Adipocyte Culture. Adipocytes were maintained in culture 
anchored to a basement membrane matrix (Matrigel, 
Becton Dickinson). Although all in vitro systems have 
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inherent advantages and disadvantages, advantages of this 
system compared with cultures containing free-floating 
adipocytes are that the matrix simulates their normal 
basement membrane attachment and that the cells are 
maintained in close proximity to each other, allowing 
direct cell-to-cell contact. Together the cell contact and 
basement membrane attachment help to maintain dif- 
ferentiation, because adipocytes have a strong tendency to 
dedifferentiate in long term (>24-hour) culture. In 
addition the matrix and the small amount of serum in the 
media both contain growth factors, which are also likely 
to help maintain cell differentiation. Furthermore, the 
adipocytes in this system are not exposed to toxic levels 
of oxygen at the interface of the media and the incubator 
atmosphere, as opposed to free-floating adipocytes which 
aggregate at the surface of the media. An advantage of 
the system over those containing minced adipose tissue is 
that all of the cells in the culture are equally exposed to 
the nutrients and the oxygen dissolved in the media. 
Thus although clearly different from the in vivo situation, 
we believe that this system provides a more physiological 
environment than most systems for maintaining 
adipocytes in long term culture. In the case of the present 
studies the goal was to examine the direct actions of 
metformin and vanadium on leptin production and 
adipocyte metabolism. Therefore, the advantage of 
employing in vitro experimentation for this purpose over 
in vivo models was that it was possible to control 
confounding variables, such as effects of these agents on 
food intake, which would indirectly influence lept.n 
production via changes of insulin secretion (18,20). 
Unlike an in vivo system, in this study the environment 
surrounding the adipocytes within the individual wells of 
each culture plate was identical with the exception of the 
nresence or absence and the concentration of metformin 
or vanadium, allowing assessment of the direct effects of 

the treatments. 

In culturing each suspension, Matrigel was first thawed 
on ice to a liquid and uniformly applied to the surface of 
culture dishes (300 u-L of Matrigel/35-mm well). After 
the incubation period, 150 txL of the adipocyte 
suspension (2:1 ratio of packed cells to media) were 
plated on the liquid Matrigel matrix. Adipocytes from 
each suspension were thoroughly mixed with a transfer 
pipette before plating to insure that a similar number of 
adipocytes with a similar size distribution were added to 
the control and experimental wells for each suspension. 
The warmth of the added cells and media caused the 
Matrigel to gel around the adipocytes, effectively 
anchoring them to the culture dish. After a 30-minute 
incubation at 37 °C, 2 mL of warm culture medium was 
added The cells were maintained in an incubator at 37 
°C for 96 hours with 6% CO,. Aliquots of adipocytes 
from each animal were divided into wells, with the 



different concentrations of either metformin or vanadium 
(as detailed below). In each plate an appropriate con- 
trol well contained adipocytes from the same animal. 
Adipocytes were incubated with media (DMEM) con- 
taining.5.5 inM (100 mg/dL) glucose plus 5% FBS at five 
concentrations of Metformin (0.1, 0.25, 0.5, 1.0, 5.0, and 
25.0 mM). A low basal concentration of insulin (0.16 
nM) was added to the incubations performed with 
metformin, because metformin is thought to act in part by 
increasing insulin signaling (33,34). Vanadium was added 
at four concentrations (5.0, 10.0, 20.0, and 50.0 u-M) in 
DMEM with 5.0 to 5.5 mM glucose and 1% FBS. 
Adipocytes were cultured with vanadium without added 
insulin, because vanadium action is considered to be 
largely independent of insulin (35,36). To examine the 
responses to insulin in the adipocytes obtained from each 
adipocyte suspension in the vanadium experiments, a 
separate well containing 1.6 nM insulin was included for 
each suspension. In al! experiments, aliquots of media 
(300 u,L, 15% of the media volume) were collected from 
culture wells and replaced with fresh media containing 
the appropriate concentrations of metformin or vanadium 
at 24, 48, 72, and 96 hours. 

Assays. Leptin concentrations in the medium were 
determined with a sensitive and specific radioim- 
munoassay for rat leptin (37) with reagents obtained from 
Linco Research, St. Charles, MO. Glucose and lactate 
were measured with a glucose analyzer (model 2300, 
YSI, Yellow Springs, OH). 

Daia Analysis. The uptake of glucose was assessed by 
measuring the concentration of glucose in the media in 
each well before and at 24. 48, 72, and 96 hours of 
incubation and calculating the decrease over 96 hours 
after correcting for the amount of glucose that was 
removed during each 24-hour media sampling and the 
amount added by the replacement of fresh media (15% of 
total volume).- Lactate production was calculated as the 
increase of media lactate at 24, 48, 72, and 96 hours by 
correcting for the amount of lactate removed by sampling 
and added with media replacement. To examine the 
relationship between adipocyte carbon flux and leptin 
secretion in adipocytes cultured with metformin or 
vanadium, the amount of carbon released as lactate per 
amount of carbon taken up as glucose over 96 hours was 
calculated as lactate production/glucose utilization and 
expressed as a percentage (28). Cumulative leptin 
production was calculated as the change of media leptin 
concentrations at 24, 28, 72, and 96 hours with correction 
for the amount of leptin removed during sampling. The 
area under the curve for leptin production between 0 and 
96 hours was calculated by the trapezoidal method. The 
experimental results from each adipocyte suspension 
prepared from a single animal were analyzed in relation 
to a control well from the same suspension. Given the 
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individual variation in leptin responses between animals 

an Ir suspensions, it was not appropriate to compare 

mean from control and treated adtpocytes from differed 

rnimals and/or suspensions. Therefore, the means for all 

rcontrols in the metformin (. = 18) and vanadium 

experiments contain a larger sample size («) of 

m , Is and/or suspensions than all except the 1.0 mM 

rlmin dose which was studied in every experiment. 
mel f 0 rm.n dose w ^ g ^ 

ThUS * ?Z of meXmin or vanadium differed from the 
3S o TotoTwells (, g ., 0.5 mM metformin; 
! - 9) each result was compared only to that obtatned in 
™ n rfi nB control well from the same suspension m 
: C TS ^ omparTson. To examine the relationships 
between he medium concentrations of metformin or 
vanXn, glucose uptake, lactate products, and glucose 
vanadium, g secretin, simple and 

ne r region analyses were performed with a 
"ouwart parage (SmVJrw for Macmtosh, 
Abacus Concepts, inc., Berkeley, CA). 

Bee use mionriin exhibited toxic effects on adipocy e 
melboSm at concentrations greater than 5.0 mM, resuits 
from cul ures incubated with metformin at concentrates 
. .T»n 5 0 mM were not included in these analyses. 
Cr el Unship between lactate production from glucose 
I'd 6 Sun secretion was also examinee Iwjttjm control 
groups alone. Data are expressed as means + SEM. 



Results 

^£SSE^ on glucose uptake lactate pro- 
, . Inri lentin secretion were examined. Metformin at 
^SSiSiKS mM did not affect glucose uptake 
mnared with the corresponding control suspensions con- 
compared w Uh t * At Q 25 mM> glucose up _ 
taming msulin (0 ,\b nMj ^ ^ 
lake was increased {70a — -r ? — o '<•,, 
SatlTically significant perhaps due to the smaller number of 
^T n = Tv^6 at this concentration. Met ormm 
rmullted gl'ucose uptake - -ncen^tions of 0^ mM 
+ 10%, P < 0.005) and 1.0 mM (+62 ± 8/.,p < 
0 0001) compared with that in the corresponding control 
suspe ions (Table !, Figure 1). At 5.0 mM, glucose uptake 
suspension different from control. Higher concen- 

?™ upuike mosi likely ..flecmg a »*« effect or ma- 
! „ .7,h.» verv high concentrator*. Metformin hud no 

f T rhan 0 5 mM but increased lactate production at 
iower than 0^5 : mM < ^ ^ i.O 

C M^r 31% , < 0-0001), and 5.0 mM (+202 * 
< 0 0025) vs insulin alone (Table 1, Figure 1). At 
concentrations of 25.0 mM, lactate production was mark- 
edly inhibited (p < 0.0001), because glucose utilization was 



almost completely suppressed. Concentrations of metformin 
of 0 5 mM and below did not affect the proportional con- 
version of glucose to lactate (Table 1). However, glucose 
conversion to lactate was increased at a concentration of 1 .0 
mM and this effect was marked at 5.0 mM with more than 
twice the amount of glucose released as lactate (Table 1). 
Although 1.0 mM metformin did increase mean glucose 
uptake over control rates, a significantly larger proportion of 
the glucose that was taken up was released as lactate. The 
concentration of 0.5 mM was the only level of metformin 
that induced a significant increase of glucose utilization 
without increasing the proportion of glucose carbon re- 
leased as lactate (Table 1). 

At concentrations of metformin lower than 0.5 mM, 
leptin secretion was unaffected. With metformin at 0.5 mM, 
the area under the curve (AUC) for leptin secretion over 96 
• hours was significantly greater (+20.5 ± 9%, p < 0.05) 
than control (Figure 2). Metformin inhibited leptin secretion 
at concentrations of 1.0 mM (-25 ± 8%, p < 0.005), 5.0 
mM ( _ 89 ± 4%, p < 0.0001), and by 90% at toxic 
concentrations of 25.0 mM (p < 0.0001) (Figure 2). 

Within the 18 control wells, leptin secretion was 
inversely related to the conversion of glucose to lactate 
(r = -0.61; p < 0.01). At metformin concentrations from 
0 to 5.0 mM, leptin secretion was inversely proportional to 
the log of the metformin concentration (r = -0.53; p < 
0 0001), to lactate production (r = -0.53; p < 0.0001), and 
to the proportional conversion of glucose to lactate across 
metformin doses (r = -0.74; p < 0.000 l)(Figure 3) but 
was not related to glucose uptake (r - 0.13; p - 0.27) by 
simple regression. By multiple regression analysis, leptin 
secretion was inversely related to the conversion of glucose 
to lactate (p < 0.0001) but not to the log of the metformin 
concentration (p = 0.91), lactate production (p = 0.39), or 
glucose uptake (p = 0.62). Leptin secretion was only in- 
creased over control by metformin at 0.5 mM, which was 
also the only concentration that significantly increased glu- 
cose uptake without shunting a greater proportion of the 
glucose into lactate production (Table 1). A similar inverse 
relationship (r = -0.73; p < 0.0025) between leptin pro- 
duction and anaerobic glucose metabolism to lactate was 
observed in 32 control wells containing either no insulin or 
a low insulin concentration of 0.16 nM (-20 u.U/mL) 
(Figure 4). 

Effects of Vanadium 

The effects of vanadium on glucose uptake, lactate pro- 
duction, and leptin secretion were examined in adipocytes 
cultured with concentrations of vanadium of 0 to 50 pM. 
Vanadium at 5.0 pM (+20 ± 7%, p < 0.01), 10.0 
(+38 ± 12%, p < 0.02), and 20.0 pM (+34 ± 13%, p < 
0 02) increased glucose uptake, compared with rates of 
glucose uptake in the corresponding control suspensions 
(Table 2, Figure 5). The effect of vanadium at these con- 
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- . Fffects of me tformin in the presence of 0.16 nM insulin on glucose uptake lactate production and the 
JSili^iS^SSn taken up that was released as lactate by isolated rat adipocytes over 96 hours m 
culture (mean ± SEM) ; 



[Metforminl (mM) + 
Insulin (0 .16 nM) 

Control (n = 18) 
0.1 (n = 4) 
0.25 in = 5) 
0.5 (« = 9) 
1.0 (n = IS) 
5.0 (n = 15) 



Glucose uptake 
(fimol) over 96 hours 



Lactate production 
(jamol) over 96 hours 



7.5 ± 0.7 
6.5 ± 0.9 
11.0 ± 1.4 
1 1.0 ± 1.2t 
11.6 ± 0.7J 
8.3 ± 0.6 



5.7 ± 0.5 
5.9 ± 0.6 
8.6 ± 1.3 
9.5 ± l.2f 
14.4 ± 0.9t 
14.4 ± 1.0$ 



*p = 0 01- t/> = 0.005; lp = 0.0005; vs. corresponding controls from the same adipocyte suspensions. 



Glucose to 
lactate (%) 



40.9 ± 3.6 
47.2 ± 6.3 
40.2 ± 5.9 
44.9 ± 5.1 
63.8 ± 3.4* 
85.6 ± 4.1J 



centrations was comparable to that of insulin at 1.6 nM, 
which increased glucose uptake by 38 1 ± 8% (p < 
0 0001)(Table 2, Figure 5). Vanadium at 50.0 /iM did not 
significantly affect glucose uptake (%A « -4 ± 14%). 
Vanadium at 5.0 fi-M increased lactate production by + 
17 ± 8% {p < 0.025). Mean lactate production in the six 
wells that served as controls for the 10.0 concentration 
of vanadium was lower than average; however, lactate pro- 
duction was increased in five of six corresponding experi- 
mental wells. Thus, vanadium at 10 jtM increased lactate 
production by 61 ± 20% (p < 0.02) despite absolute lactate 
production being similar to the mean of the total 14 control 
wells Al 20.0 and 50.0 /J.M, lactate production was not 
significantly different from that of the control (Table 2). 
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Figure I Glucose utilization (corrected for media sampling and 
replacement) over 96 hours by isolated rat adipocytes in primary 
culture with insulin at 0.16 nM and metformin at concentrations 
from 0 to 25.0 mM. 



Insulin at 1 .6 nM increased leptin secretion over 96 hours 
by 59 ± 15% (p < 0.005) and the 0- to 96-hour AUC by 
38 ± 8% ip < 0.000 l)(Figure 5). Leptin secretion was 
unaffected by vanadium at a concentration of 5 pM. Higher 
concentrations of 10, 20, and 50 fjM consistently inhibited 
leptin secretion over 96 hours by -33 2: 6% (p < 0.0025), 
-53 ± 7% (p < 0.0001), and -61 ± 8% (p < 0.001), 
respectively (Figure 6). Across vanadium concentrations, 
leptin secretion at 96 hours was positively correlated with 
glucose uptake (r = 0.35; p < 0.02) and inversely related to 
the log of the vanadium concentration (r = -0.44; p < 
0.0001), to lactate production (r = -0.30; p < 0.025), and 
to the conversion of glucose to lactate (r = -0.58; p < 
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Figure 2. Leptin secretion (corrected for media sampling and 
replacement) over 96 hours by isolated rat adipocytes in primary 
culture with insulin at 0.16 nM and metformin at concentrations 
from 0 to 25.0 mM. 
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METFORMIN 



INS lie nM 
INS* MET 0.1 mM 
INS* MET 0.29 nM 
MS ♦METO.SmM 
INS * MET 1.0 mM 
MS t MET 3.0 mM 
r . 4.74: 1*0.0001 
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GLUCOSE to LACTATE {%) 

Figure 3. Relationship between the percentage of 
rigwre j secretion over 96 hours by 
and released a ' »*™^™ insu!in (rNS ) at 0.16 nM and 
ad.poevtes » ^^ntioo. from 0 to 5.0 mM. Leptin 
^ET£S»SSU and lactate production are corrected 
for media sampling and replacement 



0.0001) (data not shown). By multiple regression analysis 
wh, secretion at 96 hours was more closely related to 
g^ucose^onversion to lactate (p < 0.0001) than to absolute 
£ production (p < 0.02) or the log of the vanadium 
concentration (p < 0-005) and was not related to absolute 




100 



40 60 
GLUCOSE TO LACTATE (%) 

Figure 4 Relationship between the percentage of glucose taken up 
and released as lactate and leptin secretion over 96 hours by 
T ™Zl in primary culture in 32 control wells containing no 
I S l in or insK a low concentration of 0,6 nM. Leptin 
SaSion, glucose utilization, and lactate products are corrected 
for media sampling and replacement. 



glucose uptake (p = 0.22). Despite the relationship between 
leptin secretion and the conversion of glucose to lactate 
across vanadium concentrations, unlike with metformin, the 
percentage of glucose released as lactate was not altered 
by any concentration of vanadium (Table 2). In contrast, 
insulin at 1.6 nM, which significantly decreased the 
proportional conversion of glucose to lactate (i.e., anaer- 
obic' glucose metabolism) (Table 2), stimulated leptin 
secretion (Figure 6). 



Discussion 

We have recently reported that insulin-mediated glucose 
metabolism is an important factor regulating leptin expres- 
sion and secretion in isolated rat adipocytes (28). Some 
previous studies have shown that drugs in the thiazo- 
lidinedione class, which are used in the treatment of type 2 
diabetes, can inhibit leptin production in vitro and in vivo 
(38,39). In the present study, we examined the effects of 
metformin and vanadium, two other antidiabetic drugs 
known to increase cellular glucose utilization, on leptin 
secretion, glucose uptake, and lactate production in isolated 
cultured rat adipocytes. Our goal was to use these com- 
pounds as tools to examine their effects for altering adipo- 
cyte glucose utilization on leptin secretion. Therefore, we 
used concentrations within a range that were found to pro- 
duce significant increases of adipocyte glucose uptake. Par- 
ticularly in the case of metformin, these concentrations 
(0.25 to 5.0 mM) were far above the range of plasma 
concentrations (0.005 to 0.02 mM) observed in patients 
treated with therapeutic doses, of metformin (40). In fact, at 
therapeutic concentrations, metformin seems to act primar- 
ily to inhibit hepatic glucose production with limited, if any, 
effects on peripheral glucose uptake (41-43). At therapeutic 
concentrations, metformin generally has little direct effect 
on glucose utilization in vitro (44,45). At concentrations 
higher than those achieved in serum with therapeutic met- 
formin administration, metformin stimulates glucose trans- 
port by rat (46,47) and human adipocytes (48), and in rat 
and human skeletal muscle (see reviews in 29,34.48,49). At 
the cellular level, high concentrations of metformin increase 
insulin receptor binding, along with tyrosine kinase activity, 
glucose transport, and glycogen synthesis (33,34). 

In the present study, metformin concentrations ranging 
from 0.5 to 5.0 mM increased both glucose uptake and 
lactate production. In addition to increasing absolute lactate 
production, metformin at 1.0 and 5.0 mM increased the 
percentage of glucose carbon that was metabolized to lac- 
tate and released into the culture media by 80% to 170%. At 
high concentrations of metformin (= 25.0 mM), both glu- 
cose uptake and lactate production were markedly inhibited, 
most likely due to a toxic effect of very high levels of 
metformin on cellular metabolism. Metformin at 0.5 mM 
modestly increased leptin secretion by —20%. 
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— ;. n , n x /n _ r vanad ium on glucose uptake, lactate production, and the percentage 

^gLose 5 So* ^ up^attS Zll^TlZl by isolated rat adipocytes over 96 hours in culture 

(mean ± SEM) 



|Vanadiuml (^M); 
no insulin added 



Glucose uptake 
(jxmol) over 96 hours 



Lactate production 
(fxmol) over 96 hours 



6.8 ± 0.5 
9.4 ± 0.9§ 

7.8 ± l.l§ 
8.2 ± 1.3$ 
8.7 ± 1.2t 

6.9 ± 1.02 



Control (n = > 4 ) 
1.6 nM Ins (n = 14) 
5.0 (n = 12 ) 
10.0 (« ~ 6) 
20.0 (n = 12) 

50.0 {n = 13) J 

0.02; Jp = 0.0025; §/> = 0.0005; vs. corresponding control wells from the same adipocyte suspensions 



5.6 ± 0.6 

5.7 £ 0.7 
5.7 ± 0.6* 

5.2 ± 0.8t 

6.3 ± 0.6 
4.9 ± 0.5 



Glucose to 
lactate (%) 



42.4 ± 4.3 
33.0 ± 3.5$ 

40.5 ± 4.7 
36.0 ± 6.5 

41.6 ± 5.0 
53.3 ± 9.4 



* p = 0.05; 



Importantly, this was the only concentration of me - 
formin tested that increased glucose uptake w.thout shunt- 
ng a greater proportion of glucose into lactate production. 
In contrast, at concentrations of 1.0 mM and higher, lepun 
secretion was modestly to markedly suppressed 

A significant proportion of glucose taken up by adipose 
tissue FmSboLed to lactate and released (50). At met- 
formin concentrations * 5.0 mM, leptin secretion was in- 
ve™ety related to the amount of glucose taken up by the 
Tpocvtes, converted to lactate, and released into the me- 
dia We have previously observed that the summation of 
leptin secretion by insulin is assoc.ated not only with in- 
creased glucose utilization, but with a decrease in the pro- 
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Fieure 5 Glucose utilization (corrected for media sampling and 
L^nrt over 96 hours in by isolated rat adipocytes m pnmary 
Su^vSS" a, concentrations fro, 0 to 50.0 uM or with 
insulin at 1.6 nM. 



portional conversion of glucose to lactate (28), a rinding that 
was also observed within the control groups in the present 
study (Figure 4). Thus, when lactate production is increased, 
less carbon derived from glucose is available to enter the 
tricarboxylic acid cycle either for oxidation or use in de 
novo lipogenesis. Together, these data suggest that it is not 
glucose uptake, per se, but its metabolism beyond pyruvate 
and lactate in the adipocyte that is involved in the action of 
glucose to stimulate leptin secretion. Thus, the anaerobic 
metabolism of glucose does not stimulate leptin production. 
The entry of glucose into the hexosamine biosynthetic path- 
way and the production of UDP-glucosamine have been 
suggested as a mechanism by which glucose utilization can 
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Figure 6. Leptin secretion (corrected for media sampling and 
replacement) over 96 hours by isolated rat adipocytes in primary 
culture with vanadium at concentrations from 0 to 50.0 jiM or with 
insulin at 1.6 nM. 
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stimulate leptin production in adipose tissue (51). ^However 
our results indicate that glucose can be metabolized to 
lactate a point well beyond where glucose enters the hex- 
osamine pathway, without stimulating leptin production. 
Therefore if the hexosamine pathway were to be the sole 
mechanism by which glucose regulates leptin products, 
one would need to postulate that either anaerob.c glucose 
metabolism and/or metformin itself have an inhibitory 
effect on glucose entry into du. pathway. The ^ results of 
the present study suggest that ,t .s more ikely that the 
effect of glucose metabolism to stimulate leptin produc- 
tion involves glucose oxidation and/or the production of 

" MeXnT^"^ 0.25 mM did not effect glucose 
metabolism or leptin secretion. Thus, metformin at thera- 
neutic levels is unlikely to affect leptin production in vivo. 
Of the concentrations of metformin tested in this study, only 
• 0'5 mM increased glucose uptake without shunting a larger 
proportion of the glucose into lactate. As previously dis- 
cussed this was the only concentration of metform.n that 
had effects on glucose metabolism that did not inhibn leptin 
secretion, and, in fact, leptin secretion was modestly in- 
creased at 0 5 mM. Thus, only when glucose uptake and its 
metabolism beyond lactate were simultaneously increased, 
did we observe an increase, and not an inhibition, of leptin 
secretion. Therefore, it seems that only within a very narrow 
concentration range is metformin able to have a net effect to 
increase glucose uptake as well as its metabolism beyond 
lactate in isolated adipocytes. Accordingly, the effects of 
metformin to inhibit leptin secretion at most concentrations 
examined is likely to be a result of its effects to direct 
ovruvate metabolism into lactate and away from other po- 
tential pathways for pyruvate metabolism such as oxidation 

or lipogenesis. 

The use of vanadium-containing compounds in the treat- 
ment of diabetes has been widely investigated in animals 
, „ 53> and a few clinical trials have been conducted in 
human patients (54,55). A compound 
the form of organified vanadium used in this study (BMOV) 
has recently entered Phase 1 clinical trials. To our knowl- 
edge the present siudy is the first report examining the 
effects of a vanadium compound on leptin production in 

vivo or in vitro. 

Vanadium stimulated glucose uptake at concentrations up 
to 20 uM whereas glucose uptake was not affected by a 
concentration of 50 ?M. Lactate production was modestly 
increased at the lower concentrations of vanadium. We 
found that vanadium at a low concentration of 5.0 pM did 
not affect leptin production, however, concentrations of 
10 0 uM and higher inhibited leptin secretion from isolated 
adinocytes by 30% to 60%. Although the amount of leptin 
secreted was inversely proportional to the percentage con- 
version of glucose to lactate across the concentrations of 



vanadium tested, this relationship was significantly weaker 
than that observed across metformin concentrations. 

Furthermore, the proportion of glucose taken up and 
released as lactate was unaffected by vanadium at any 
concentration. Thus, in contrast to what was observed with 
metformin, the ability of vanadium to inhibit leptin secre- 
tion seems to be independent of any effects on glucose 
metabolism or lactate production, most likely because it 
does not increase the proportion of glucose fluxing into 
anaerobic metabolism. 

The observed effects of vanadium result from one or 
more of the multiple known biological actions of vanadium 
in cells. These include the inhibition of protein tyrosine 
phosphatases and the activation of cytosolic protein- 
tyrosine kinases, resulting in the alteration of cellular ty- 
rosine phosphorylation content (30,56). Vanadium has also 
been shown to exert direct inhibitory effects on a number of 
other cellular enzymes, including acid, alkaline, and dual- 
function phosphatases, ATPases, 1 giucose-6-phosphatase, 
and fructose-2,6-bisphosphatase (30,55). At high concentra- 
tions, vanadium might exert some toxic effects on the cells, 
an effect which could underlie the lack of effect of the 
highest concentration of vanadium to stimulate glucose 
uptake, as well as the inhibition of leptin production at the 
two highest concentrations examined. In particular, the 
effects of vanadium to inhibit the activity of one or more 
enzymes involved in cellular energy metabolism could 
both inhibit leptin production and, at high concentrations, 
impair the ability of the cell to utilize energy derived 
from glucose metabolism. 

In vanadium-treated animals, plasma vanadium concen- 
trations have been estimated to be in the 10 to 20 uM range 
and in human clinical trials in the 1 to 5 fjM range (53). 
Although it is unlikely based on the present results that the 
concentration of vanadium achieved in humans would be 
sufficient to affect leptin production, previous human stud- 
ies employed low doses of vanadyl sulfate or sodium meta- 
vanadate, which are molecular forms that exhibit poor 
bioavailability. The potential effects on leptin secretion of 
the more readily absorbed forms of vanadium, such as the 
organified vanadium compound (BMOV) used in 
the present study (31), should therefore be considered. 

In summary, both metformin and vanadium inhibit leptin 
secretion from primary cultures of rat adipocyte at concen- 
trations that significantly increase glucose utilization. The 
inhibition of leptin production by metformin, but not by 
vanadium, is related to an increased conversion of glucose 
to lactate (i.e., anaerobic metabolism). This effect of met- 
formin, coupled with our previous findings (28), suggests 
that the effect of glucose utilization to stimulate leptin 
production is not mediated by glucose uptake per se but 
involves the metabolism of glucose beyond pyruvate to a 
fate other than lactate, possibly oxidation or lipogenesis. 
Thus, metformin is a useful tool for examining the effects of 
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increasing anaerobic glucose metabolism. Further research, 
inc uding examination of the potential roles of glucose 
Nation and lipogenesis, needs to be conducted to deter- 
mine the precise biochemical and molecular mechanisms by 
which glucose metabolism regulates leptin production. 
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